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ABSTRACT
Uzunoglu, Aytekin, Ph.D., Purdue University, August 2016. Nanoparticle-based
Electrochemical Sensors for the Detection of Lactate and Hydrogen Peroxide. Major
Professor: Lia A. Stanciu.

In the present study, electrochemical sensors for the detection of lactate and
hydrogen peroxide were constructed by exploiting the physicochemical properties of
metal ad metal oxide nanoparticles. This study can be divided into two main sections.
While chapter 2, 3, and 4 report on the construction of electrochemical lactate biosensors
using CeO2 and CeO2-based mixed metal oxide nanoparticles, chapter 5 and 6 show the
development of electrochemical hydrogen peroxide sensors by the decoration of the
electrode surface with palladium-based nanoparticles. First generation oxidase enzymebased sensors suffer from oxygen dependency which results in errors in the response
current of the sensors in O2-lean environments. To address this challenge, the surface of
the sensors must be modified with oxygen rich materials. In this regard, we developed a
novel electrochemical lactate biosensor design by exploiting the oxygen storage capacity
of CeO2 and CeO2-CuO nanoparticles. By the introduction of CeO2 nanoparticles into the
enzyme layer of the sensors, negative interference effect of ascorbate which resulted from
the formation of oxygen-lean regions was eliminated successfully. When CeO2-based
design was exposed to higher degree of O2-depleted environments, however, the response
current of the biosensors experienced an almost 21 % decrease, showing that the OSC of

xiii
CeO2 was not high enough to sustain the enzymatic reactions. When CeO2-CuO
nanoparticles, which have 5 times higher OSC than pristine CeO2, were used as an
oxygen supply in the enzyme layer, the biosensors did not show any drop in the
performance when moving from oxygen-rich to oxygen-lean conditions. In the second
part of the study, PdCu/SPCE and PdAg/rGO-based electrochemical H2O2 sensors were
designed and their performances were evaluated to determine their sensitivity, linear
range, detection limit, and storage stability. In addition, practical applicability of the
sensors was studied in human serum. The chronoamperometry results showed that the
PdCu/SPCE sensors yielded a high sensitivity (396.7 µA mM-1 cm-2), a wide linear range
(0.5 -11 mM), and a low limit of detection (0.7 µM) at the applied potential of -0.3 V. For
PdAg/rGO sensors, a high sensitivity of 247.6 ± 2.7 µA·mM-1·cm-2 was obtained towards
H2O2 in a linear range of 0.05 mM to 28 mM.
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CHAPTER 1. INTRODUCTION

1.1

Introduction to Biosensors

As a general definition, sensors are devices which detect physical, chemical or
biological changes in their environments and convert these changes into physical signals
[1]. In this regard, the term of biosensor defines the devices which convert chemical,
biological, or physical changes in their environments into a measurable signal by
exploiting the selectivity of biological components [2]. A biosensor consists of two main
components: a transducer and a recognition element. While the recognition element
enables the specific detection of substances or changes in the environment, the transducer
converts the signal generated by the biological component into physical response. The
physical response then collected by a signal processor to be amplified and displayed.
Enzymes, antibody, proteins, nucleic acids, cells, tissues, and receptors are common the
recognition elements implemented into biosensors to detect the analyte selectively [3].
Biosensors are classified based on either their recognition elements or transducers.
According to the transducer, biosensors can be divided into subclasses including
electrochemical, piezoelectric, and optical biosensors. When the recognition element is
taken into account, biosensors can be classified as enzyme-based biosensors,
immunosensors, DNA/nucleic acid sensors, cell-based sensors, and biomimetic sensors
[4].
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Enzyme-based sensors, which use enzymes as a biological component, are the
first biosensors developed in 1962 by Clark and Lyons [5]. Those biosensors comprised
of glucose oxidase enzyme (GOx)-covered oxygen electrode and the detection
mechanism based on the determination of oxygen consumption resulted from the
enzymatic glucose reaction shown in Equation 1.1. While Clark and Lyons’ biosensor
design relied upon the determination of oxygen consumed by the oxidase enzyme
reaction, the detection of glucose by the oxidation of hydrogen peroxide on the transducer
surface was first introduced in 1973 by Guilbault and Lubrano [6, 7]. In this sensor
configuration, the level of glucose is determmined by measuring the oxidation current of
H2O2 (Equation 1.2). Since the amount of H2O2 generated from the enzyme reaction is
proportional to the glucose level, these sensors yield accurate results with high precision
[5].
𝐺𝐺𝐺𝐺𝐺𝐺

Glucose + O2 �⎯� gluconic acid + H2O2
H2O2 → O2 + 2H+ + 2e1.2

(Equation 1.1)
(Equation 1.2)

Electrochemical (Bio)Sensors

Electrochemical (bio)sensors are among the most promising biosensors in all
subclasses owing to their low cost, ease of use, simplicity, high sensitivity, low limit of
detection, and selectivity [8, 9]. In this sensing method, change in the number of
electrons, potential or conductivity resulted from the interaction between the biological or
non-biological receptor and the target are measured [3]. Due being proportional to the
analyte concentration, the measured signal is used to determine the analyte concentration
in the system. When a non-biological receptor (target-specific component) is used for
biological sensing applications, these devices are considered chemical sensors rather than
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biosensors [3]. Electrochemical biosensors can be divided into three different sub-classes:
amperometric, potentiometric, and conductometric electrochemical (bio)sensors [10].
Although the working principle of these sensors all depends on the measurement of
change on the electrochemical property induced by the recognition reaction, the measured
electrochemical property is different. A conductometric biosensor, for example, measures
the change in the conductance of the sensing surface. The potentiometric biosensors work
with a principle of monitoring the potential of the working electrode. When the current of
the working electrode is implemented to determine the concentration of the analyte, it is
defined as amperometric biosensors.
1.3

Nanoparticle-based Electrochemical Biosensors

The use of nanoparticles in analytical chemistry has attracted great deal of interest
with new developments in nanotechnology [11, 12]. The unique chemical, physical, and
electronic properties of nanoparticles, which are quite different than their bulk
counterparts, enabled the use of these materials in sensing and biosensing applications to
construct novel electrochemical (bio)sensors with a higher sensitivity, selectivity, a wide
linear dynamic range, low cost, and stability [13].
To date, various nanoparticle systems including metal, metal oxide, mixed metal
oxide, polymeric, and composite nanoparticles have been applied to biosensing
applications due to their unique properties including conductivity, stability,
biocompability, low cytotoxicity, electronic, magnetic, and optical properties [11, 13].
Depending of these properties, the function of the nanoparticle in the sensing layer may
be different. Nanoparticles can be introduced in biosensors to create biocompatible
environments with large surface area for the immobilization of the biological components
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[14]. Since nanoparticles have large specific surface area, high surface energy, as well as
high biocompability, the implementation of nanoparticles into biosensors creates an
excellent environment for the immobilization of biological components on the electrode
surface without experiencing any denaturation and loss of activity [15]. In addition, the
stability of the biological element can be enhanced by the physical or chemical bonds
exerted by nanoparticles [16]. The modification of the electrode surface using
nanoparticles with electrocatalytic activity was found to be an effective way to enhance
the sensitivity of the electrochemical sensors. When catalytic nanoparticles are
introduced onto the electrode surface, the overpotentials required for catalytic reactions
can be reduced [17]. Direct electron transfer between enzyme active sites and the
electrode surface is limited because the active sites of the biological components are
covered by insulating protein layers [15]. To develop electrochemical biosensors with a
high performance, the electron transport properties between these regions must be
enhanced. By exploiting the conductivity of nanoparticles, the electron transfer rate
between enzyme active site and the electrode can be enhanced profoundly [18]. These
materials can also be used to label biological components (antigen, antibody, DNA).
When the nanoparticle labelled-biological components interact with their targets, the
nanoparticles can be detected and thus the concentration of the target can be determined
[15].
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CHAPTER 2. SYNTEHESIS OF CEO2-MOX (M: ZR, TI, CU) MIXED METAL
OXIDES

2.1

Introduction

Cerium oxide or ceria (CeO2) is a key component in catalysis, in solid oxide fuel
cells, as well as in the environmental field in catalytic wet oxidation of organics and
wastewater treatment [19-23]. Ceria is also used in automotive exhaust systems as a
three-way catalyst, due to its very significant oxygen storage capacity (OSC) [24-27]. It
is known that automotive exhaust gas has cyclic oxygen lean-rich composition
fluctuations. These fluctuations make a catalyst that can store oxygen in the oxygen rich
region and release oxygen in the oxygen lean region necessary. This catalyst will widen
the operating window of the three way catalysts by maintaining the composition of
exhaust gas at a certain stoichiometry. The main characteristic of ceria is its capability to
reversibly bind O2 and shift reversibly between Ce4+ and Ce3+ states under oxidizing and
reducing conditions, hence acting as an “oxygen buffer”, by storing and releasing O2
under controlled conditions [19, 22]
2CeO2

Ce2O3 + ½ O2

(Equation 2.1)

The OSC properties of ceria are strongly dependent on temperature, as well as on
the structural features of ceria [28-30]. Despite its good oxygen release and uptake
capacities, pure ceria presents the disadvantage of a reduced heat resistance [31-34].
Much effort has been directed towards changing the kinetics of oxygen transport and

6
seeking new ceria-rich oxide formulations with enhanced heat resistance, redox
properties, and oxygen mobility, and thus greater OSC capabilities. Previous reports
showed that mixing ceria with other redox metal oxides, such as CuO, TiO2, or ZrO2,
leads to an increase of the number of defects, which results into bulk diffusion of oxygen,
and enhancement of OSC [34-37].
With respect to the effect of the chemistry of MOx upon incorporation into the
CeO2 lattice, there seems to be no agreement in the literature. Several authors reported
that the ZrO2 additions to CeO2 in a 1:1 molar ratio produced the highest OSC values
[19, 38]. However, Abdollahzamed-Ghom et al. [31] reported that the addition of
zirconium in an amount more than 5% did not change the OSC effectively. Epifani et al.
[33] prepared (1-x)CeO2-xZrO2, 0≤x≤1, by the sol-gel method. They found that the
sample with (0.8)CeO2-(0.2)ZrO2 composition had the best OSC value.
Although much work was done to examine OSC of ceria-based mixed oxides in
separate reports, there is no work that directly contrasts the effects on OSC of
composition variations in all of the above mentioned ceria-based mixed oxides in one
single study. The main objective of this work is to conduct a systematic study to
investigate the effect of the addition of different amounts of ZrO2, TiO2, and CuO into
the CeO2 lattice on the structure and properties of the mixed solid solutions, and fill in
the above mentioned existing gaps and inconsistencies reported in literature. Although
the oxygen storage capacity is a much more complex phenomenon than we can address
in this one report, it is our intention to only focus on the effects of Zr4+, Ti2+ and Cu2+ on
the OSC of ceria, as some of the doping elements that were reported to be most
beneficial. Investigating these three mixed ceria-based oxides in one single study will
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allow for the use of the same methods and techniques and will thus eliminate the
variations induced by comparing results reported by different authors using different
instruments, and different methods on a single one of these oxide additions. Metal oxide
compositions (CeO2-ZrO2, CeO2-TiO2, CeO2-CuO with (1:3), (1:1), (1:3) molar ratios of
different sizes/morphology and tunable oxygen storage capabilities/performances were
prepared and characterized structurally, microstructurally and for OSC properties.
2.2

Experimental Procedures

Ce(NO3)3.xH2O (99.999%), N2O7Zr.xH2O (99.0%), CuN2O6.xH2O (99.999%)
were purchased from Aldrich. TiCI4 (99.0%) and NH4OH (28-30%) were obtained from
Fluka and Science Lab respectively. The chemicals used to prepare mixed metal oxides
used as they were received.
Mixed metal oxide powders were prepared using a coprecipitation method
conducted at room temperature. CeO2-ZrO2, CeO2-CuO, and CeO2-TiO2 mixed oxides
were prepared with (3:1), (1:1), and (1:3) molar ratios. Calculated amounts of precursor
salts were dissolved in distilled water to prepare 0.1M stock solutions of each precursor.
Preparation of Ti4+ stock solution was completed in an ice bath.
In order to prepare CeO2-MOx (1:1) (M: Zr, Ti, Cu) systems, 50mL of CeO2 and
MOx precursors were mixed to obtain 100mL of precursor solution. The amount of each
precursor solution was adjusted according to the intended Ce4+:M2x+ molar ratios.
Excessive NH4OH solution (4M, 0.25mL) was then added drop wise and under stirring to
the precursor to form metal oxides. The solution was stirred for 1h, and left for aging
overnight. The mixed solution was centrifuged, washed five times with deionized water,
and dried at 100 °C overnight. The dried mixed oxides were subsequently calcined at
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500 °C for 5h, under ambient atmosphere. The ageing of the samples was conducted at
900 °C for 6h, under ambient atmosphere.
X-Ray diffraction (XRD) measurements were conducted using a Bruker D8 Focus
X-Ray Diffractometer with Cu Kα (λ=0.15406 nm) radiation at the scan rate of 4° min-1
over 2θ values between 20° and 70°. The average crystalline sizes of the mixed oxides
were calculated using Debye-Scherrer equation. Lattice constant of CeO2 was calculated
using the (111) peak. Transmission electron microscopy (TEM) was conducted with a
FEI-Tecnai TEM operating at 200kV, to examine the morphology and the particle size of
the samples. The samples were dispersed in ethanol using ultrasonic probe and the grids
were immersed into the solution to prepare TEM samples.
N2 adsorption-desorption analysis at -196 °C was used to measure the surface area
of the samples by employing a TriStar 300. Prior to N2 physisorption, the mixed oxide
powders were degassed at 300 °C for 3 h and the surface area values were calculated
using multipoint Brunauer-Emmit-Teller (BET) theory.
Raman Spectroscopy experiments were carried out at ambient temperature and
pressure with a custom made Raman spectrometer, equipped with a liquid nitrogen
cooled charged coupled device (CCD) detector, a He-Ne laser (λ=532 nm) as a beam
source, and a power of 3mW.
X-ray photoelectron spectroscopy (XPS) data were obtained using a Kratos Axis
Ultra DLD spectrometer with monochromatic Al Kα (1486.6 eV) as an excitation source.
Survey and high resolution spectra were obtained at pass energies of 160 and 20 eV,
respectively. Although a built-in Kratos charge neutralizer was used, the binding energy
was calibrated using the C 1s photoelectron peak at 284.6 eV.
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The oxygen storage capacity experiments were conducted using an SDT 2960 DTA-TGA
from TA Instruments. 50 mg of the sample was heated to 600 °C under 5% H2/Ar (100
mL/min) to release oxygen from the sample [37]. After stabilization of the mass,
synthetic air and 5% H2/Ar (100 mL/min) were fed to the system alternatively and the
average change in the weight is considered to total OSC of the samples in µmolO2/g
powder [20, 37, 39]. In the study, OSC values represent the total OSC values of the
prepared samples.
2.3
2.3.1

Results and Discussion

Characterization of Fresh Samples

Figure 2.1 shows the X-ray diffraction patterns of CeO2-ZrO2 metal oxides with
(3:1), (1:1), and (1:3) molar ratios, respectively. MgO peaks, which were indicated with
asterisks (*) were used as an internal standard. The broad XRD peaks suggest a fine
particle size. With increasing ZrO2 content, the crystalline size of the samples showed a
propensity to decrease. The XRD pattern of pure CeO2 showed the typical reflections of
the fluorite structure, which appeared at 28.54°, 33.16°, 47.50°, and 56.36° (JCPDS 340394). On the other hand, as zirconium content increased, the XRD peaks started to shift
slightly towards higher 2θ values. This effect was due to the fact that Zr4+ ions substitute
Ce4+ ions, which has larger ionic radius than that of Zr4+. The substitution of Ce4+ ions
with smaller ions resulted in a decrease in the cell parameter of the cubic structure, which
confirmed the formation of a solid solution. Scherrer’s formula from the full width half
maximum of the main fluorite type of structure was used to calculate the average
crystalline size. The calculated crystalline size and cell parameter values were shown in
Table 2.1. For low Zr4+ content (25%), a single phase system was observed in the XRD
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patterns. On the other hand, further increase in Zr4+ content promoted the formation of a
secondary tetragonal phase, which was confirmed by the formation of new shoulders in
the peak centered at 47.5 ° at higher Zr4+ contents. The formation of the secondary
tetragonal ZrO2 phase was further confirmed by Raman Spectroscopy.
Table 2.1 Crystallite size, lattice parameter, and BET surface area of the samples.

Sample

Composition

BET Surface
Area (m2/g)

Lattice
Parameter
(Å)

CeO2

CeO2 100%

55.7

5.41

13.0

C3Z1

CeO2 75%-ZrO2 25%

65.8

5.40

11.8

C1Z1

CeO2 50%-ZrO2 50%

82.2

5.35

7.5

C1Z3

CeO2 25%-ZrO2 75%

86.2

5.24

7.1

C3T1

CeO2 75%-TiO2 25%

71.5

5.40

10.0

C1T1

CeO2 50%-TiO2 50%

89.0

5.37

7.8

C1T3

CeO2 25%-TiO2 75%

102.4

5.37

7.8

C3C1

CeO2 75%-CuO 25%

97.3

5.41

7.2

C1C1

CeO2 50%-CuO 50%

110.4

5.42

6.6

C1C3

CeO2 25%-CuO 75%

129.4

5.43

5.7

Crystallite
Size (nm)
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Figure 2.1 X-Ray diffraction patterns for CeO2-ZrO2 mixed oxides; (*) MgO.

X-Ray diffraction patterns of CeO2-TiO2 mixed oxides with various molar ratios
were shown in Figure 2.2. Although only peaks corresponding to the cubic CeO2 phase
were obtained from the sample with low Ti4+ content, it was observed that for Ti4+
contents of 75%, weak TiO2 anatase and rutile peaks were identified. In the presence of
Ti4+ loading, except at 75%Ti4+, the characteristic fluorite XRD peaks shifted to higher
Bragg angles, which confirmed the formation of a solid solution. While both the cell
parameter and crystalline size of the samples diminished up to 50% Ti4+ content, the
presence of more than 50% Ti4+ in the structure did not show any sensible effect on cell
parameters and the crystalline size. The calculated cell parameters and crystalline sizes of
the samples were listed in Table 2.1.
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Figure 2.2 X-Ray diffraction patterns for CeO2-TiO2 mixed oxides; (+)TiO2, (*)MgO.

Other than the CeO2-ZrO2 and CeO2-TiO2 mixed oxides, the introduction of CuO
to CeO2 resulted in an increase in the lattice parameter of the samples. At the same time,
these samples still showed the same tendency to have smaller crystalline size with
increasing Cu2+ content. As mentioned before, peaks centered at ca. 28.54°, 33.16°,
47.50°, and 56.36° were assigned to CeO2. No CuO peak was observed for low Cu2+
content (25%). On the other hand, for Cu2+ content of 50% and higher, new peaks
became visible at 35.46° and 38.73°, corresponding to monoclinic CuO (JCPDS 481548). This indicates the presence of physical mixtures of CeO2 and CuO. X-ray
reflection peaks of CeO2-CuO mixed oxides are shown in Figure 2.3. The CeO2-CuO
sample with (1:3) molar ratio had the smallest CeO2 crystalline size. In summary, the
XRD results suggested that Zr4+ additions have the highest effect on the cell parameter
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and the addition of Cu2+ resulted in the smallest crystalline sizes of all solid solutions that
were investigated.

Figure 2.3 X-Ray diffraction patterns for CeO2-CuO mixed oxides; (+) CuO, (*) MgO.

The mixed oxides showed type IV and V nitrogen adsorption-desorption
isotherms that correspond to a mesoporous structure [40]. Nitrogen absorption-desorption
isotherms of the samples with (1:3) molar ratios with various compositions are shown in
Figure 2.4, and the measured surface area values of the mixed oxides are presented in
Table 2.1. Although the addition of metal oxides to CeO2 increased the BET surface area
remarkably, the effects of the three different oxides were not identical. More specifically,
BET surface area values of CeO2-CuO were higher than those of CeO2-ZrO2 and CeO2TiO2 samples. For all the compounds, except CeO2-TiO2 (1:3), as MOx is introduced into
the ceria lattice, the BET surface area of the samples increased because of decrease of the
crystalline size. It is a known fact that a high specific surface area and a mesoporous
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structure enhance both the OSC and catalytic activity of metal oxides [41, 42]. The
surface area of CeO2 was measured to be 55.7 m2/g-powder. Among the mixed oxides,
the CeO2-CuO (1:3) composition gave the largest surface area value (129.4 m2/gpowder).

Figure 2.4 Nitrogen adsorption-desorption isotherms for mixed oxides with (1:3)
(CeO2:MOx) molar ratio.
Transmission electron microscopy (TEM) images of CeO2-ZrO2, CeO2-CuO, and
CeO2-TiO2 with 25% CeO2-75% MOx composition are shown in Figure 2.5. TEM images
of the samples confirmed the effect of the formation of mixed oxides on the crystalline
size values of the samples calculated using XRD. The TEM images of the samples
revealed that the particles’ shape and morphology remained practically unchanged. The
size of CeO2-CuO (1:3) metal oxide particles ranges from 4 to 10 nm with an average
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size of 7.7 nm. In addition, it was found that the particle size of CeO2 particles is between
9 to 25 nm, with an average size of 15.2 nm, in good agreement with those calculated by
Scherrer formula. Additional TEM experiments confirmed that as the secondary metal
oxide content increased, a smaller crystalline size was obtained (data not shown here).

Figure 2.5 TEM images of the samples a) CeO2, b) C1Z3, c) C1T3, d) C1C3.
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Raman Spectroscopy was used to confirm XRD results and obtain additional
information on chemical bonding and structural defects. Since structural oxygen defects
are relevant for OSC, Raman Spectroscopy is a critical tool in investigating the activity of
the samples. Raman spectrums of CeO2 and CeO2-ZrO2 are shown in Figure 2.6. Pure
CeO2 showed a strong peak centered at around 465 cm-1, corresponding to the Raman
active mode of the fluorite structure (F2g) [40]. This peak represents the symmetric
stretch of eight oxygen atoms around cerium ions [40]. Two other low intensity peaks at
around 260 cm-1 and 600 cm-1 are attributed to the double degenerative traverse optical
mode (TO) and the degenerative longitudinal mode (LO) arising from nonstoichiometric
oxygen vacancies [43, 44]. The formation of solid solutions resulted in shifted Raman
Spectrums because of the change in M-O bond length, which is in a good agreement with
the XRD results. The Raman data also suggest that the addition of Zr4+ into the CeO2
structure resulted in a shorter M-O bond, in turn leading to a shift of the peaks to higher
wave number values. For the sample with 50%Zr4+, the broad and weak peak at ca. 600
cm-1, which is the defect induced LO mode of ceria, became more intense and shifted to
higher wave number values [40, 45]. As mentioned before, the presence of this Raman
band is attributed to oxygen defects, and it appears that an increase in Zr4+ content, led to
this band becoming more pronounced. This suggests that more oxygen defects were
formed in the structure as the Zr4+ content increased. The Raman spectrum of the sample
with 50% Zr4+ and above showed stronger peaks at ca. 220-315 cm-1, which may also be
attributed to the presence of a tetragonal phase [46]. The increased Zr4+ content, resulted
in less intense peaks, which was attributed to a smaller crystalline size [45]. In the
literature, it is reported that an enlargement of the band centered at around 465 cm-1 is
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also related to a smaller crystalline size or an increase in the number of oxygen defects
[47].

Figure 2.6 Raman spectra of CeO2-ZrO2 mixed oxides.

Raman spectra of CeO2-TiO2 mixed oxides shown in Figure 2.7 revealed that the
addition of Ti4+ did not have the same effect on the peaks as Zr4+. The addition of Ti4+ did
not result in any sensible shift in ceria Raman band centered at ca. 465 cm-1 until
75%Ti4+ content, which led to a shift to lower wavelength values. On the other hand, the
same effect on the peak intensity was observed with Ti4+ introduction to the ceria lattice,
and the intensity of the Raman bands decreased successively with increasing Ti4+ molar
ratio. CeO2-TiO2 mixed oxides showed weak and broad Raman bands at around 220-280
cm-1, corresponding to the tetragonal structure with fluorite type Raman band. Unlike X-
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Ray diffraction, Raman Spectroscopy results did not show explicit TiO2 bands appear at
147, 196, 397, 514, and 638 cm-1 [48]. Broad Raman bands at ca. 600 cm-1,
corresponding to oxygen vacancies in solid solutions were also observed.

Figure 2.7 Raman spectra of CeO2-TiO2 mixed oxides.

Other reports showed that CuO has three Raman bands centered at 295, 340, and
626 cm-1 [23]. As shown in Figure 2.8, CeO2-CuO mixed oxide samples showed weak
peaks centered at around 290 cm-1, which might be attributed to CuO. The band at ca.
460 cm-1, which belongs to CeO2 weakened with increasing Cu2+ content. The peak at
around 610 cm-1 was attributed to the LO mode of ceria and it appears because of the
oxygen defects in the ceria structure. The appearance of the weak peak located at around
225 cm-1 may be related to oxygen defects by the addition of CuO. With increasing
amount of CuO, no sensible shift in band position was observed.
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Figure 2.8 Raman spectra of CeO2-CuO mixed oxides.

X-Ray photoelectron spectroscopy (XPS) was used to determine the surface
composition, and atomic ratios and the results are listed in Table 2.2. As observed from
the XPS results, the surface Ce4+/M (Zr4+, Ti4+, Cu2+) ratios showed a tendency to
diminish with decreasing CeO2/MOx molar ratios, as expected. On the other hand, the
data revealed that while Ce4+ content of CeO2-CuO mixed oxides is higher in the surface
region, the surface of the CeO2-ZrO2 and CeO2-TiO2 mixed oxides were dominated by
Zr4+ and Ti4+, respectively. The low value of Ce4+/M4+ (Zr4+, Ti4+) implies that Zr4+ and
Ti4+ preferentially covered the site of Ce4+ cations and the same phenomenon was also
valid for Ce4+ in CeO2-CuO mixed oxide system.
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Table 2.2 XPS results of the samples.

Sample

Composition (molar)

Atomic Ratios
Ce/M (Zr, Ti,
Cu)

CeO2

CeO2 100%

-

C3Z1

CeO2 75%-ZrO2 25%

1.24

C1Z1

CeO2 50%-ZrO2 50%

0.56

C1Z3

CeO2 25%-ZrO2 75%

0.22

C3T1

CeO2 75%-TiO2 25%

0.52

C1T1

CeO2 50%-TiO2 50%

0.21

C1T3

CeO2 25%-TiO2 75%

0.12

C3C1

CeO2 75%-CuO 25%

3.26

C1C1

CeO2 50%-CuO 50%

1.84

C1C3

CeO2 25%-CuO 75%

1.92

Oads/(Oads+Olatt)
(%)
27.8
36.4
40.0
43.3
32.6
35.9
31.7
37.6
40.2
41.6

The O 1s spectra of the mixed oxides showed two main peaks (Figure 2. 9). The
peak at lower binding energy (BE) corresponded to lattice oxygen (O2+latt) and the peak at
higher BE was due to chemisorbed surface oxygen groups (O2-ads) [23, 45, 49]. It was
obvious that with MOx introduction to the ceria lattice, the O 1s spectra of the mixed
oxides tended to shift toward higher BE values compared with pure ceria. While O 1s
peaks of the samples shifted to higher BE values with increasing MOx content, the
presence of Ti4+ and Cu2+ more than 50% in the structure did not show any sensible effect
on the positions of the peaks.
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Figure 2.9 O1s XPS spectra of a) CeO2-ZrO2, b) CeO2-TiO2.
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Figure 2.9 (Continued) O1s XPS spectra of c) CeO2-CuO.

The Oads ratio of the mixed oxides were calculated according to Oads/(Oads+Olatt)
equation and listed in Table 2.2, It was found that pure ceria (28.7%) showed the lowest
Olatt ratio among all the prepared samples. The Oads ratio showed a propensity to increase
with increasing MOx (M: Zr, Ti, Cu) content. Oads has a higher mobility than Olatt , and
therefore is more reactive than lattice oxygen. For this reason, a higher Oads/(Oads+Olatt)
ratio, which indicates the presence of more surface oxygen vacancies, is preferred for an
enhanced OSC [23]. It was observed that CeO2-ZrO2 and CeO2-CuO metal oxides had
relatively higher surface vacancies than that of CeO2-TiO2 mixed oxides.
The OSC of the mixed oxides were evaluated by thermogravimetric analysis
conducted at 600 °C under alternating reductive and oxidative environments by following
a method reported in literature [20, 31]. 50 mg powder was heated up to 600 °C under 5%
H2, balanced with argon to release oxygen from the surface. After stabilization in mass,
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synthetic air was fed to system for oxygen uptake. Cycles performed under alternating
reductive and oxidative environments resulted in a cyclic mass change, as shown Figure
2.10. The average mass change was then calculated and converted to OSC.

Figure 2.10TGA profiles of CeO2-CuO mixed oxides with various concentrations.

Table 2.3 shows the oxygen storage capacity values of the samples. It is apparent
that the formation of mixed oxides strongly affected the OSC of the samples. It is known
that surface area and the particle size of the ceria based mixed oxides profoundly affect
their catalytic properties [50, 51]. As reported in the literature, the energy value for
reduction reaction for nanocrystalline ceria is lower compared to bulk ceria because of
the presence of higher oxygen defect population [42, 45]. The OSC values showed a good
correlation to BET surface area values and large specific surface area of the samples
resulted in high OSC values. The lowest OSC values were obtained for pure CeO2 (93
μmol-O2/g powder). It is known that the maximum theoretical OSC from 1 gram of CeO2
is 1452 μmol-O2/g. Since not all the CeO2 molecules in the system contribute to the OSC,
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the measured OSC value for pure ceria is much lower than the theoretical one. It was
observed that the introduction of Zr4+ and Ti4+ ions into the CeO2 lattice increased the
OSC to 247 and 347 μmol-O2/g-catalyst, respectively. The theoretical OSC values of the
prepared samples are also shown in Table 3. The XRD results showed that high ZrO2
contents resulted in the formation of a second phase, tetragonal ZrO2, in addition to the
CeO2-ZrO2 solid solution. Since it is difficult to reduce ZrO2 at the temperature of the
experiment, it does not have any significant contribution to the oxygen uptake and release
properties of the metal oxide mixture. However, it should be noted that the value obtained
from C1Z3 is slightly higher than the theoretical OSC value. It might be speculated that
with increasing ZrO2 content, the higher BET surface area and increased number of
oxygen defects, confirmed by Raman spectroscopy and XPS, resulted in an improvement
in the OSC of CeO2-ZrO2 systems. On the other hand, the CeO2-ZrO2 mixed oxides
showed the lowest OSC values compared to the other mixed metal oxide systems,
although it was previously shown to be one of the most promising compositions [38].
The reason behind this result might be the lower BET surface values and the inertness of
the ZrO2 present as a secondary phase in the system, especially for high ZrO2 contents.
The CeO2-ZrO2, and CeO2-CuO mixed oxides showed better oxygen storage properties
with increasing Zr4+ and Cu2+, however; the addition of Ti4+ at a proportion of more than
50% resulted in a decrease in the OSC.
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Table 2.3 Percentage mass change and oxygen storage capacity of the fresh samples.

Sample

Composition (molar)

BET
Surface
Area
(m2/g)

Total OSC
(μmol-O2/g
powder)

*Theoretical
OSC (μmolO2/g
powder)

CeO2

CeO2 100%

55.7

93

1452

C3Z1

CeO2 75%-ZrO2 25%

68.5

247

1173

C1Z1

CeO2 50%-ZrO2 50%

82.2

470

846

C1Z3

CeO2 25%-ZrO2 75%

86.2

522

462

C3T1

CeO2 75%-TiO2 25%

71.2

347

1258

C1T1

CeO2 50%-TiO2 50%

89.0

687

992

C1T3

CeO2 25%-TiO2 75%

102.4

472

607

C3C1

CeO2 75%-CuO 25%

97.3

492

1258

C1C1

CeO2 50%-CuO 50%

110.4

986

992

C1C3
CeO2 25%-CuO 75%
129.4
*Theoretical contribution of CeO2 to OSC values.

1565

610

The CeO2-CuO system with (1:3) molar ratio displayed the highest oxygen
release and uptake properties of all compositions (1565 μmol-O2/g), which is almost 17
times higher than pure ceria (93 μmol-O2/g). This result can be attributed to the high
specific surface area, the CeO2 rich surface and the strong interaction between Ce4+ and
Cu2+ cations. This result is in agreement with other reports in literature, which suggested
that a strong interaction between the CeO2 and CuO results to a weakening of the metaloxygen bonds, and in turn leads to the generation of active oxygen species and an
increase of their OSC [41, 52]. It was calculated that in the CeO2-CuO (1:3) system, the
maximum OSC obtained from CeO2 is 610 μmol-O2/g. According to the calculation, the
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presence of CuO as a distinct phase in the system contributed to the high OSC. It was
stated in literature that due to their higher chemical potential, nanocrystalline CuO
clusters are more unstable than bulk CuO, which makes nano-crystalline CuO clusters
easier to reduce, even at lower temperatures [53, 54]. It was also showed that CuO-CeO2
mixed catalysts, which have (5:95) molar ratios, prepared by a coprecipitation method,
had a low CuO reducibility temperature (180 °C). Dispersion of nano-CuO clusters in
nano-CeO2 is more facile than for the coarser particles, which leads to enhanced CuO
reducibility due to the efficient interaction between cerium and copper species [53].
Following the literature on the OSC of ceria and ceria based catalytic systems, we
found that Maupin et al. prepared CeO2/zeolite hybrid catalyst with enhanced OSC
(approx. 400 μmol-O/g) [55]. Other authors reported ceria and ceria based catalyst
materials with OSC values lower than 800 μmol-O2/g catalyst [20, 25, 31, 33, 38, 56-58].
To the best of our knowledge, our homemade CeO2-CuO (1:3) mixed oxide showed one
of the highest reported OSC in the literature.
In order to evaluate the long term redox property of the sample with the highest
OSC, the CuO-CeO2 (1:3) mixed oxide powders were exposed to continuous reduction
and oxidation cycles for 35 hours, which is equal to 51 redox cycles. It was observed that
although CuO has low thermal resistance, the OSC of the CuO-CeO2 (1:3) mixed oxide
powder did not show any decrease in time indicating that the prepared powders have
stable OSC at 600 °C. The long term redox cycle of the catalyst is shown in Figure 2.11.
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Figure 2.11 TGA profile of the CeO2-CuO (1:3) mixed oxide conducted at 600 °C.

2.3.2

Effect of Heat Treatment on the Properties of the Mixed Metal Oxides

The effect of heat treatment on the surface area and OSC of the samples was also
evaluated to understand the effect of the composition on the thermal resistance of the
samples. The prepared fresh mixed metal oxide powders were aged at 900 °C for 6 h
under ambient atmosphere. The samples were then characterized using XRD, BET, and
TGA and the obtained data were compared with those obtained from the fresh samples.
Compared to the XRD patterns obtained from the untreated samples, narrower
peaks were obtained from the aged samples showing an increase in the crystalline size
(Figure A1, A2, A3). The calculated crystalline sizes of the aged mixed metal oxides are
listed in Table 2.4. While untreated samples had the crystalline size in the range of 5-13
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nm, aged samples showed crystalline sizes between 7 to 71 nm. The increase in the
crystalline size of the samples was due to the sintering took place at high ageing
temperature. The extent of sintering effect, however, varied depending on the nature of
the secondary metal oxide and its concentration. While ZrO2 containing mixed metal
oxides showed a slight increase in the crystalline size, the introduction of CuO into the
lattice deteriorated the thermal resistance of pristine ceria. The presence of TiO2 in the
metal oxide systems resulted in a small increase in the thermal stability of ceria.
The BET adsorption-desorption results, which are shown in Table 2.4, revealed
that after the ageing treatment, the surface area of the samples decreased significantly.
The surface area of pure CeO2 showed a sharp drop from 55.7 to 0.07 m2/g, which
corresponds to a 99.9% drop in the surface area. The lowest sintering effect was obtained
from 25% ZrO2 containing sample showing that the addition of Zr4+ ions into the ceria
lattice improved the thermal resistance of ceria. On the other hand, further increase in the
ZrO2 content deteriorated the sintering resistance of the samples. This indicated that the
presence of ZrO2 as a second phase in the system is not favorable to increase the thermal
resistance of the samples. Similar to Zr4+ introduction into CeO2 lattice, the substitution
of Ce4+ ions with Ti4+ ions decreased the effect of thermal ageing treatment on the surface
area of ceria slightly. On the other hand, the effect of the presence TiO2 on the thermal
resistance was found to be concentration independent. While the additions of Zr4+ and
Ti4+ ions into the system enhanced the thermal resistance, the introduction of Cu2+ ions
into the ceria lattice did not have a significant effect. Similar surface area loss values
were obtained from pure ceria and CuO containing samples. When the XRD and BET
results are evaluated together, it may be concluded that the addition of Zr4+ ions in certain
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concentrations may be used to improve the thermal resistance of ceria. The use of CuO
and TiO2 in the mixed metal oxide systems does not improve the thermal properties of
ceria significantly.
Table 2.4 BET surface area, crystalline size and oxygen storage capacity of the aged
samples.

Sample

Crystallite
Size (nm)

BET
Surface
Area
(m2/g)

Change in
Surface
Area (%)

Total OSC
(μmol-O2/g
powder)

Change in
OSC (%)

CeO2

50.5

0.07

99.9

39

58

C3Z1

16.2

20.65

68.6

209

15

C1Z1

7.4

14.93

81.8

353

25

C1Z3

12.0

6.62

92.3

372

29

C3T1

49.1

4.98

93.0

52

85

C1T1

29.5

6.89

92.3

154

78

C1T3

36.2

7.18

93.0

66.8

86

C3C1

62.6

0.44

99.5

370

25

C1C1

69.6

0.97

99.1

823

17

C1C3

70.7

0.72

99.4

1468

6

The OSC of the powders were measured after ageing process to observe the effect
of heat treatment on the redox properties of the mixed oxides. The TGA results showed
that all the aged samples experienced a loss in their OSCs in varying degrees listed in
Table 2.4. The decrease in the OSC can be explained by the increase in the crystalline
size, severe decrease in the surface area, and reduction in the oxygen mobility. Although
all the aged samples showed a loss in their OSCs, three different effects were observed
depending on the nature of the MOx introduced into the ceria system. The first effect is
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that the TiO2 containing aged mixed metal oxide systems showed very poor OSC
compared to their fresh counterparts. Although pristine CeO2 showed a 58% decrease in
the OSC, CeO2-TiO2 mixed oxides experienced drops of 78-86% in their redox properties
regardless of the composition. Therefore, it may be stated that the use of TiO2 as a
secondary metal oxide to enhance the thermal resistance of CeO2 is not practical. The
introduction of ZrO2 and CuO into CeO2, however, made the OSC of CeO2 more stable at
900 °C. Although the XRD and BET results showed that the presence of CuO in the
system does not improve the thermal resistance of the mixed metal oxide systems, the
lowest drops in the OSC values were obtained from these samples. These results can be
explained by the easy reduction and oxidation properties of CuO present in the system.
The long term redox cycle of aged CeO2-CuO (1:3) mixed oxide is shown in Figure 2.12.
The TGA profile revealed that although this sample showed low thermal resistance, the
redox property did not change after long cycles. The TGA profiles of the aged samples
are shown in Figure A4, A5, and A6.
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Figure 2.12 TGA profile of the aged CeO2-CuO (1:3) mixed oxide conducted at 600 °C.

Although the reducibility of copper oxide is high and copper/copper oxide can
store and release oxygen in oxygen rich and oxygen lean exhaust environments, the large
volume change during reduction and oxidation renders these materials impractical to be
used for their high OSC [59]. The second limitation associated with copper oxide arises
from a surface area reduction resulting from the sintering of metallic copper at high
temperatures, which was observed from the aged samples. Despite these concerns, small
amounts of copper oxide can be added to ceria to enhance the oxygen storage without
experiencing large volume changes [59]. Our results showed that above 25 mol% oxide
additions to CeO2, the highest oxygen storage value was reported for CuO additions to
CeO2 as compared to TiO2 and ZrO2 additions (Figure 2.10). An extrapolation of this
registered tendency to mixed oxides with small CuO content (e.g. at or below 5 mol %)
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could result in a higher OSC than that of other mixed oxides with the same MOx (M: Zr,
Ti) content.
Our systematic study showed that all the MOx (M: Zr, Ti, Cu) compounds
introduced into the ceria lattice significantly affected the OSC properties. The addition of
ZrO2 had the lowest effect among all compositions, while other reports in literature found
higher OSC values for CeO2-ZrO2 than for CeO2-TiO2 [45]. One of the reasons for this
contradiction may be the difference in the surface area values obtained from the samples.
Reddy et al. [45] prepared CeO2-ZrO2 (1:1) combination which had a higher BET surface
area than that of CeO2-TiO2 combination; however, in our study, the CeO2-ZrO2 (1:1)
mixed oxide had one of the lowest BET surface area values among all. While the fresh
CeO2-ZrO2 mixed metal oxide systems showed the lowest OSC values, the highest
thermal resistance was obtained from this system. Although fresh CuO-CeO2 systems
showed promising structural and OSC properties, it was observed that the presence of
Cu2+ ions in the structure did not show any effect on the thermal properties of the
samples. It should be noted that the CuO containing samples still showed very high OSC
values compared to other compositions after ageing.
2.4

Conclusion

CeO2-ZrO2, CeO2-TiO2, CeO2-CuO mixed metal oxides, in a wide range of molar
ratios- were synthesized via a coprecipitation method with the goal of filling in the
existing gaps and inconsistencies reported in literature and enhancing the OSC of ceria
beyond the currently reported values. Although CeO2-ZrO2 was reported to be one of the
most promising mixed oxide systems for OSC, our results showed it had the lowest
activity among the investigated compositions (CeO2-CuO, CeO2-TiO2, and CeO2-ZrO2).
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As opposed to other reports in literature, which reported a low optimum zirconium
content as being ideal for OSC, our results showed that increasing Zr4+ content led to an
increase of the OSC values to 522 μmol-O2/g. We also showed that both Ti4+ and Cu2+
had a higher positive impact on the activity of the fresh samples than ZrO2, which is also
in contradiction with other reports in literature. C1C3 (CeO2 25%-CuO 75%) showed the
highest OSC values among all fresh and aged samples. On the other hand, its thermal
resistance was found to be very low which makes CuO containing samples questionable
to be used as catalyst supports.
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CHAPTER 3. CONSTRACTION OF ASCORBATE INTERFERENCE-FREE
ELECTROCHEMICAL LACTATE SENSORS USING CERIA NANOPARTICLES

3.1

Introduction

Certain medical conditions that include low oxygenation of tissues, such as shock,
suffocation, carbon monoxide or cyanide intoxication, or cardiovascular and liver
diseases can be diagnosed through lactate detection [60-66]. The concentration of lactate
in tissues is linked to the anaerobic metabolic processes that are involved in muscle
contraction. The physiological lactate concentrations under resting conditions are in the
range of 0.6-2 mM, and this value increases to in between 20 and 30 mM during vigorous
physical activity [64, 65, 67]. An increase in the lactate levels over a certain threshold
leads to its accumulation in the blood stream, which in turn can result in tissue damage
[68, 69]. Moreover, the presence of pathologies, such as diabetes and cardiac disease, or
exposure to toxic compounds, can present with an increase of blood or brain lactate levels
[70-72]. Thus, fabrication of interference free lactate biosensors displaying rapid
response, low cost, high selectivity, stability and sensitivity becomes of major interest for
medical diagnostics [64, 73]. The detection of lactate concentration in blood or tissues is
based on the catalytic action of lactate oxidase (LOx) on the oxidation of lactate to
pyruvate [73, 74]:
𝐿𝐿𝐿𝐿𝐿𝐿

L-Lactate + O2 �⎯� pyruvate + H2O2
H2O2 → O2 + 2H+ + 2e-

(Equation 3.1)
(Equation 3.2)
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By designing an electrochemical biosensor that is capable of measuring the
oxidation current generated from the electrolysis of hydrogen peroxide (H2O2), shown in
Equation 3.2, the concentration of lactate can be quantified. However, achieving an
accurate measurement of lactate levels encounters some limitations. In particular,
ascorbate and urea that are present in biological fluids are potential interferants through
their participation in redox exchange reactions [8, 74]. Several strategies towards the
elimination of this interference effect have been attempted using various strategies, such
as electrostatic repulsion [64], catalytic or enzymatic decomposition [74, 75], and size
exclusion of interfering species [76]. Selective membranes with surface charge or defined
pore size have been used as a barrier by forming electrostatic repulsion or size limitation
to interferants. Other strategies to circumvent the interference problem include
modification of the electrode by a catalyst, and utilization of artificial mediators [77-80].
The modification of the electrode surface using a catalyst or artificial mediator reduces
the operating potential of the sensor, which diminishes the activity of the interfering
species on the electrode surface [8].
One such attempt to overcome the ascorbate interference problem was presented
by Anzai et al. [74]. The authors used ascorbate oxidase (AOx) to cover the initial lactate
oxidase layer (LOx) deposited on the electrode with additional thin layers of AOx. The
effect is that AOx catalyzes the oxidation of ascorbate to dehydroascorbic acid and water,
which do not participate in any redox reaction on the electrode surface due to their inert
nature under electro-oxidizing environments (Equation 3.3). The presence of AOx layers
on the surface of the electrode eliminated the positive interference effect of ascorbate in
lactate biosensors fabricated by immobilization of LOx. On the other hand, the presence
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of AOx multilayers resulted in a negative interference, which was observed as a decrease
in the current response, and which was attributed to the depletion of oxygen in the
enzyme layer. Since the ascorbate and lactate oxidation reactions involve the
consumption of dissolved O2 in the enzyme layer, an oxygen deficient region was
formed, which in turn led to a negative interference in the sensor response [74].
𝐴𝐴𝐴𝐴𝐴𝐴

Ascorbate + ½O2 �⎯� dehydroascorbic acid + H2O

(Equation 3.3)

Nanosized oxides have been intensively used as part of biosensing platforms over
the last decades, due to their tunable properties, good physical and chemical stability, and
high surface to volume ratio [81-86]. Among these, ceria (CeO2) displays properties that
make it attractive for electrochemical biosensor fabrication owing to its superior oxygen
storage capacity (OSC) and the capacity of ceria to switch oxidation states [83, 87]. The
OSC of ceria stems from the ability to uptake or release oxygen reversibly under oxygen
rich and lean environments by shifting between Ce+4 and Ce+3 states. Thus, ceria
nanoparticles may be used as an “oxygen buffer” in biosensors, towards the elimination
of negative interferences that may arise upon depletion of oxygen in enzymatic layers.
In this chapter, we aimed to eliminate the negative-interference effect of ascorbate
resulted from the presence of additional AOx layers on the surface of electrochemical
lactate biosensors by exploiting the redox properties of ceria nanoparticles. In this regard,
first, ceria nanoparticles with high OSC properties were prepared and then incorporated
into biosensors containing an optimum number of LOx/AOx enzymatic layers on
platinum (Pt) electrodes. We contrasted the performance of these ceria based biosensors
to that of the biosensors that were only incorporating the LOx layers. The effect of the
introduction of nanosized ceria particles on both the overall performance of the
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biosensors towards the interference-free detection of lactate, and mitigating the effect of
operation under low oxygen environments has been investigated.
3.2

Experimental Procedure

Lactate oxidase (from Pediococcus species), Ascorbate Oxidase (from Cucurbita
species), Ascorbic acid (ascorbate), l-lactic acid (lactate), polyethylenimine (PEI), and
phosphate buffered saline were obtained from Sigma. The materials were used as
received.
Lactate biosensors were prepared using layer by layer (LbL) deposition. The
surface of the Pt electrodes was cleaned by hand polishing with alumina powder, and
rinsed with excess distilled water before use. The cleaned Pt electrode was immersed in a
1 mg∙mL-1 PEI solution for 1h to deposit a positively charged polymer layer on the
surface of the electrode. Then, the electrode was immersed in 2 mg∙mL-1 LOx solution (in
PBS) for 1 h to form the first enzyme layer on Pt electrode surface via electrostatic
attraction. To increase the number of deposited layers on the electrode, the same
procedure was repeated. Between each immobilization step, the modified electrode was
immersed in PBS for 5 min to remove any weakly bonded PEI or LOx. 2 mg∙mL-1 AOx
(in PBS) was used to deposit AOx layer on the electrode surface. In order to construct
Pt/CeO2-3(PEI/LOx)-3(PEI/AOx) biosensors, the surface of the Pt electrode was
modified with CeO2 nanoparticles by dropping certain amount of Ceria/PBS solution on
the electrode surface before the deposition of the first PEI layer. The same preparation
procedure was applied to immobilize layered enzyme structures on Pt/CeO2 surface,
which was explained above. A schematic of the preparation strategy of Pt/CeO2-(PEILOx)-(PEI-AOx) sensor is shown in Figure 3.1.
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Figure 3.1 A schematic of the preparation strategy of Pt/CeO2-(PEI-LOx)-(PEI-AOx)
sensor.
Electrochemical analysis of the prepared electrodes was completed using a 3
electrode cell from BASi, West Lafayette, IN. Platinum electrodes with a diameter of 3
mm were used as working electrodes. The electrochemical experiments were conducted
in PBS at the working potential of 0.6 V (vs. Ag/AgCl reference electrode) at room
temperature.
3.3
3.3.1

Results and Discussion

Construction of Electrochemical Lactate Biosensors

The surface of the Pt electrode was first modified with PEI to induce a positive
surface charge, by immersing the electrode in PEI solution for 1 h. Then, the electrode
was immersed in a LOx solution for 1 h to immobilize the negatively charged enzyme
layer on the positively charged electrode. Each PEI and LOx adsorption cycle was
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followed by an immersion of the electrode in PBS for 5 min to remove any weakly
adsorbed species from the surface. The effect of polyelectrolyte and enzyme deposition
times were examined elsewhere and the highest sensitivity was achieved with a 60 min
deposition time [88].
The effect of Pt electrode surface modification with a (PEI-LOx) bilayer on the
performance of the sensors was first evaluated by cyclic voltammetry. The cyclic
voltammograms of bare and one (PEI-LOx) bilayer-modified Pt electrodes are shown in
Figure 3.2. When 1 mM lactate was added into PBS solution, no change in the cyclic
voltammogram of bare-Pt was observed indicating that Pt electrode does not have any
activity for lactate oxidation. When the surface of Pt electrode was modified with one
bilayer of (PEI-LOx), an oxidation peak appeared at positive potentials, due to the
oxidation of hydrogen peroxide generated from the lactate oxidase catalyzed oxidation of
lactate. These results confirmed the successful immobilization of the first enzyme layer
on Pt surface via electrostatic attractions between positively charged PEI and negatively
charged LOx enzyme. The effect of the further increase in the number of PEI/LOx
bilayers on the activity of the biosensors was examined by measuring the response
current of the sensors towards the addition of lactate in PBS solution. As seen in Figure
A7, the optimum number of (PEI/LOx) bilayers was found to be 3.
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Figure 3.2 Cyclic voltammetry results of bare-Pt and Pt-(PEI/LOx) in PBS at the scan
rate of 50 mV∙s-1.
Figure 3.3 shows the current response upon exposure to lactate of electrodes
containing three (PEI/LOx) bilayers at the working potential of 0.6 V in PBS buffer
solution (pH=7.4), and with the successive addition of 0.1 mM lactate. The sensitivity of
Pt-3(PEI/LOx) electrodes was found to be 114.1 ± 3.5 µA∙mM-1∙cm-2. The current
response of the electrode to 20 µM addition of lactate is shown as the inset in Figure 3.3.
The response time was less than 10 s, suggesting a high mass transport rate of lactate
through the bilayers. The limit of detection (LOD) of the sensors was calculated using
Equation 3.4,
LOD = 3.3 x (stdbackground/S)

(Equation 3.4)

where S is the sensitivity of the prepared sensors. The limit of detection of the biosensor
was found to be 2.5 μM. The calibration curve (shown in Figure 3.3) revealed that a
linear range of 20 μM-0.3 mM was obtained from the biosensor.
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Figure 3.3 Amperometric respose of Pt-3(PEI/LOx) to successive addition of 0.1 mM
lactate. (inset figure: current vs. concentration curve obtained by the successive addition
of 20 μM lactate).
The amperometric responses of the Pt-3(PEI/LOx) electrodes to the addition of a
physiological level of ascorbate (0.1 mM) were measured. The ascorbate present in the
reaction medium produces dehydroascorbic acid (DAA) by losing two electrons on the
surface of Pt electrode at a working potential of 0.4 V or higher. As a result of the
electro-oxidation of ascorbate an increase in the current response was measured (Figure
A8). It was found that the addition of ascorbate into the solution resulted in an increase
in the current response by 0.58 ± 0.2 μA (n=3). The average interference level of
ascorbate was found to be 9.2 % which is shown in Figure 3.4.
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Figure 3.4 Effect of 0.1 mM ascorbate on the biosensor response at an applied voltage of
0.6 V in 0.1M PBS containing 1 mM lactate.
Although the electrochemical characterization of the electrodes containing three
(PEI/LOx) bilayers indicated that it is likely that they can be used in a lactate biosensor
configuration with good sensitivity and low limit of detection, the high susceptibility to
ascorbate interference makes such a system unsuitable for clinical diagnostics of
conditions that require measurement of lactate in blood and other tissues.
We used layer-by-layer (LbL) deposition to alternately deposit on Pt electrodes,
first three bilayers of PEI/LOx, followed by PEI/AOx, bilayers. This step of the process
aimed to eliminate the ascorbate interference effect by converting the interfering species
to electro-inert species using ascorbate oxidase in the enzyme layer (Equation 3.3). The
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calibration curves of the prepared AOx free and AOx containing electrodes are shown in
Figure A9. The AOx coverage on the surface of the electrodes enhanced the current
response to the presence of lactate, and therefore sensitivity. These results confirmed that
the presence of AOx did not negatively affect the diffusion of the substrates in the
enzyme layer. Although three (PEI/AOx) bilayer containing electrode showed lower
current response to 5 mM lactate compared to two (PEI/AOx) bilayer containing
electrode, it had the highest sensitivity and widest linear range in a lower lactate
concentration range (0.1 mM to 0.6 mM).
The interference effect of ascorbate on the amperometric response to lactate was
evaluated by adding 0.1 mM ascorbate in 0.1 M PBS buffer solution in the presence of
dissolved oxygen, which is shown in Figure 3.4. The presence of ascorbate in solution
had an effect on the response of the sensors in varying extends, shown in Table 3.1. The
AOx free sensors and the sensor containing one (PEI/AOx) bilayer experienced a positive
interference by the addition of 0.1mM ascorbate into the solution, indicating that the
amperometric response of the electrodes increased. The electrodes modified with one
(PEI/AOx) bilayer showed slightly lower ascorbate interference compared to the AOx
layer free sensors. Although addition of ascorbate oxidase in the system led to a decrease
in the interference effect of ascorbate, there was a very large scattering range between the
measured values. Further increase in the number of (PEI/AOx) bilayers reversed the
effect of ascorbate interference on the amperometric response of the electrode in the
presence of lactate, which translated in a negative interference effect. This effect was
more pronounced as the number of AOx layers increased, which suggests an increased
level of oxygen deficiency. These results indicated that neither the AOx free nor the AOx
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containing electrodes can be integrated into a biosensor that can be used to detect lactate
concentration in the presence of ascorbate.
Table 3.1 Interference effect of 0.1 mM ascorbate on electrode response (n=3).

Pt-3(PEI/LOx)-(PEI/AOx)

Response to 0.1
Response to 1
Interference
mM Ascorbate
(%)
mM lactate (μA)
(μA)
0.52 ± 0.02
6. 35 ± 0.25
9.16 ± 0.68
0.51 ± 0.3
7.26 ± 0.31
7.06 ± 4.73

Pt-3(PEI/LOx)-2(PEI/AOx)

6.40 ± 0.43

-0.51 ± 0.2

-7.77 ± 2.77

Pt-3(PEI/LOx)-3(PEI/AOx)
Pt/CeO2-3(PEI/LOx)3(PEI/AOx)

6.98 ± 0.93

-0.65 ± 0.14

-9.45 ± 2.77

Sensor
Pt-3(PEI/LOx)

3.3.2

10.87 ± 2.1

0.013 ± 0.15

0.14 ± 0.18

Introduction of CeO2 Nanoparticles on the Electrode Surface

The previous results showed that the (PEI/AOx) coverage on (PEI/LOx) bilayers
resulted in a negative interference upon the addition of ascorbate in PBS solution, which
is due to the depletion of oxygen in the enzyme layer. In order to overcome this challenge
by the way of the oxygen storage and redox exchange capabilities of ceria, the surface of
the Pt electrode was modified with CeO2 nanoparticles. The amount of CeO2 used to
modify the Pt surface was first optimized based on the response of the electrodes to 5
mM lactate (Figure A10). The highest measured current response was obtained from
loading of 40 μg of CeO2 on the Pt electrode containing a (PEI/LOx) bilayer.
The interference effect of ascorbate on the response of the ceria containing
sensors was also examined. A representative plot showing the interference effect of 0.1
mM ascorbate on a Pt/CeO2-3(PEI/LOx)-3(PEI/AOx) sensor is shown in Figure A11. It
was observed that when 1 mM lactate was added in the PBS buffer, a fast response (< 10
s) was obtained. The graph also revealed that the introduction of 0.1 mM ascorbate into
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the solution did not show any observable interference effect on the response of the
sensor.
The results indicated that the modification of the electrode with ceria
nanoparticles resulted in the elimination of the ascorbate negative interference resulting
from the oxygen deficiency in the enzyme layer. The ceria based sensors had only 0.14 ±
0.18 % interference when 0.1 mM ascorbate was added in the lactate containing PBS
solution (Figure 3.4, Table 3.1). Our results confirmed that by exploiting the redox
properties of CeO2, the oxygen depletion in the enzyme layer may be prevented and
ascorbate interference-free (PEI/LOx)-(PEI/AOx) lactate biosensors can be constructed.
It was reported that the H2O2 generated by the enzymatic oxidation of lactate (Equation
3.1) reacts with ceria nanoparticles, forming reduced ceria (Ce2O3), oxygen, and water
[87]. In our constructed sensor systems, O2 molecules generated by CeO2 reduction was
used to sustain the enzymatic lactate and ascorbate reactions by eliminating the oxygen
deficient regions in the enzyme layer. Our results indicated that ceria and ceria based
materials are promising materials to construct oxidase enzyme based amperometric
biosensors due to their OSC properties. While CeO2 nanoparticles can be used to
eliminate the false results related to the formation of local oxygen deficient regions, the
performance of this sensor can be further enhanced by doping CeO2 with other metal
oxides (e.g. CuO, ZrO2, TiO2) that will increase the OSC. Thus, the sensor could be
likely to sustain the enzymatic reactions with minimal decrease in the sensor response
under the conditions with severe fluctuations in the oxygen concentration.
The electrochemical performance of Pt/CeO2 and Pt/CeO2-(PEI/LOx) electrodes
was studied using cyclic voltammetry in PBS solution at the scan rate of 50 mV∙s-1. The
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cyclic voltammograms of Pt, Pt/CeO2, and Pt/CeO2-(PEI/LOx) are shown in Figure A12.
It was observed that the CeO2-decorated Pt electrode showed a slight increase in the
oxidation current above 0.7 V when the electrode was exposed to 1 mM lactate. This may
be explained by the oxidase-like activity of CeO2 nanoparticles, which was reported
previously [89, 90]. When one bilayer of (PEI/LOx) was immobilized on Pt/CeO2
surface, a sharp oxidation peak appeared, resulting from the oxidation of H2O2 generated
by the oxidation of lactate by lactate oxidase. These results indicated that the enzyme
layer was successfully immobilized on Pt/CeO2. The effect of the scan rate on the
performance of Pt/CeO2-3(PEI/LOx)-3(PEI/AOx) was investigated at the scan rates
between 10 and 400 mV∙s-1 (Figure A13). The results indicated that the oxidation peak
current had a linear relationship with the scan rate showing that the oxidation of H2O2 on
the surface of the electrode is surface-controlled.
Figure 3.5 shows the amperometric responses of Pt/CeO2-3(PEI/LOx)3(PEI/AOx) biosensors to the successive additions of 0.1 mM lactate. The calibration
curve is shown as the inset figure. The linear range for Pt/CeO2-3(PEI/LOx)-3(PEI/AOx)
sensors was between 20 μM and 1 mM. The sensitivity of the constructed sensors was
found to be 172.9 ± 11.7 μA∙mM-1∙cm-2 (%RSD= 6.7, n=3). It was seen that the
ascorbate-free ceria containing Pt/CeO2-3(PEI/LOx)-3(PEI/AOx) sensors showed higher
sensitivity and a much wider linear range compared to ceria free Pt-3(PEI/LOx) sensors,
which had a linear range between 20 μM-0.3 mM, and a sensitivity of 114.1 ± 3.5
μA∙mM-1∙cm-2. The improvement in the performance of the sensors is attributed to both
the redox exchanged capabilities of nano-sized ceria, and its high surface area on which
the enzyme layers were immobilized. The increase in the sensitivity may also be related
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to the enhancement of diffusion of the substrate and the products in the enzyme layer.
The sensitivity of the constructed sensors shown in the inset of Figure 3.5 were measured
by preparing multiple CeO2-containing sensors replicates (n=3) to evaluate repeatability
of the fabrication process. The low RSD value of 6.7 % (n=3) showed that the fabrication
process has a good repeatability. The reproducibility and stability of the sensor response
were evaluated by comparing the sensitivity values of the sensor after three independent
experiments. The results yielded a RSD of 4.3 % indicating a good reproducibility of the
sensor response and a high stability of analytical response of the constructed sensors. The
theoretical limit of detection (LOD) of the sensors calculated according to Equation 4
was found to be 0.3 µM. To validate the theoretical LOD value, the response current of
the biosensors was recorded towards the exposure of 0.3, 0.6, 1.2, 3, and 10 µM of lactate
(Figure A14). It was seen that Pt/CeO2-3(PEI/LOx)-3(PEI/AOx) biosensors have
capabilities to detect lactate in the concentrations as low as 0.3 µM in PBS solution.

48

Figure 3.5 Amperometric respose of Pt/CeO2-3(PEI/LOx)-3(PEI/AOx) to successive
additions of 0.1 mM lactate at an applied voltage of 0.6 V in 0.1 M PBS with the pH of
7.4.
The selectivity of the ceria-containing sensors (Pt/CeO2-3(PEI/LOx)-3(PEI/AOx))
were evaluated by the successive addition of lactate, ascorbate oxidase, uric acid, and
glucose into PBS solution at the working potential of 0.6 V. The addition of lactate
resulted in a dramatic increase in the response current of the sensor as shown in Figure
3.6. It was observed that although the addition of the ascorbate oxidase and glucose did
not have any effect on the response of the sensor, the addition of uric acid decreased the
response current slightly. Since the interference effect of uric acid is relatively low
compared to the change in the response current obtained by the exposure of lactate, the
prepared sensors showed good selectivity towards common interfering species. The
practical applicability of Pt/CeO2-3(PEI/LOx)-3(PEI/AOx) biosensors was assessed by
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comparing the response currents before and after spiking of standard amounts of lactate
in human serum diluted 10 times. The recovery values listed in Table 3.2 confirmed the
applicability of the constructed sensor in real systems.
Table 3.2 Detection of lactate in diluted human serum.

Experiment
1
2
3

Before spike
(µM)
9.7
12.4
11.8

Spiked (µM)
50
50
100

After spike
(µM)
57.9
66.1
118.3

Recovery
(%)
96
107
107

Figure 3.6 Amperometric response of Pt/CeO2-3(PEI/LOx)-3(PEI/AOx) to the successive
addition of lactate, ascorbate oxidase, uric acid, and glucose at the working potential of
0.6 V.
The amperometric performance of Pt/CeO2-3(PEI/LOx)-3(PEI/AOx) biosensor
were compared with different lactate biosensors published previously in Table 3.3. The
obtained sensitivity, linear range and the limit of detection are comparable with
previously reported amperometric lactate sensors. Moreover, the sensitivity of Pt/CeO2-
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3(PEI/LOx)-3(PEI/AOx) biosensor was higher than most of the previous reports. The
interference effect of ascorbic acid (ascorbate) on the performance of various sensors are
also compared in Table 3.3. It was observed that most of the reported sensors experience
ascorbate interference in various extent. Our results showed that Pt/CeO2-3(PEI/LOx)3(PEI/AOx) biosensors experienced much lower ascorbate interference (0.14 %)
compared to previously published sensors listed in Table 3.3. Compared to the response
of Pt/CeO2-3(PEI/LOx)-3(PEI/AOx) towards 1 mM lactate, it can be stated that the
fabricated sensors are insensitive to 0.1 mM ascorbate.
Table 3.3 Comparison of the performance of the constructed sensor with various lactate
biosensors.

LOx/DNPs/Au
LOx/ZnONRs/Au/Glass
LOx/DTSP/Au
Nafion/LOx/Au/Zn
O
LOx/ZnO-NWRs
PDDA/
LOD/ZnO/MWCNT
3(PEI/AOx)3(PEI/LOx)/CeO2/Pt

3.3.3

4.0

Linear
range
(mM)
0.05-0.7

N/A

0.1-1

0.1

Insensitive

[92]

1.49

up to 1.2

14

Sensitive

[93]

24.56

0.01-0.6

6

Sensitive

[94]

15.6

0.012-1.2

12

Negligible

[60]

232.5

0.2-2

6

Negligible

[95]

172.9

0.02-1

0.3

Insensitive

This
work

Sensitivity
( μA∙mM-1∙cm-2)

Sensor

LOD
(µM)

AA
Interference

Ref.

15

Sensitive

[91]

Stability of CeO2-Based Biosensors

The constructed ceria based biosensors were stored at 4 °C in PBS solution to
circumvent the denaturation of LOx enzyme [96]. The stability of Pt/CeO2-3(PEI/LOx)3(PEI/AOx) biosensors was evaluated by measuring the response current to 5 mM lactate
at room temperature. A slight increase in the response current of the sensors was
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observed for the first two days. On the other hand, after two-day storage, the response
current experienced a continuous decrease. The stability test results (Figure A15)
demonstrated that the sensors retained 71 % of their initial activities after 20 days.
3.4

Conclusions

Ascorbate interference-free lactate biosensors using lactate oxidase (LOx),
ascorbate oxidase (AOx), polyethylenimine (PEI), and ceria nanoparticles on Pt
electrodes were fabricated successfully using an electrostatic interaction between the
oxidase enzymes and the positively charged PEI polymer. Our results showed that the
OSC of ceria eliminated the oxygen deficiency in the enzyme layer by acting as an
“oxygen buffer”. The constructed Pt/CeO2-3(PEI/LOx)-3(PEI/AOx) ascorbate
interference-free biosensors displayed a wide linear range of 20 μM–1 mM, a low limit of
detection (0.3 μM) and a high sensitivity of 172.9 ± 11.7 μA∙mM-1∙cm-2. The constructed
sensors showed a good selectivity against ascorbate, glucose, and uric acid.
Determination of lactate in human serum samples indicated that the fabricated sensors
can be used to detect lactate level in real systems. Our results revealed that the CeO2based design of ascorbate interference-free sensors can be used to construct
amperometric sensors for continuous lactate monitoring.
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CHAPTER 4. AMPEROMETRIC LACTATE BIOSENSORS OPERATING IN LOW
OXYGEN ENVIRONMENTS

4.1

Introduction

The use of amperometric biosensors is an alternative method to conventional
approaches for the detection of lactate level in blood [6, 64]. Since amperometric
biosensors have several advantages over the conventional methods, they have been
studied extensively. The detection of lactate using an amperometric enzyme biosensor
requires the application of a potential between working and reference electrodes. The
main components of the working electrode are enzyme and catalyst layers, which take
part in oxidations of lactate and hydrogen peroxide, respectively. To date, lactate oxidase
is the most commonly used enzyme as the biological component in enzymatic lactate
biosensors [65]. Lactate oxidase catalyses the oxidation of lactate as described equation
4.1 [64].
𝐿𝐿𝐿𝐿𝐿𝐿

L-Lactate + O2 �⎯� pyruvate + H2O2

(Equation 4.1)

The produced H2O2 is then oxidized on the catalyst surface according to equation
4.2 at a certain potential [64].
H2O2 → O2 + 2H+ + 2e-

(Equation 4.2)

Since the amount of lactate is proportional to H2O2 generated by lactate oxidation,
its concentration is used to determine the lactate concentration by measuring the current
generated from the oxidation of hydrogen peroxide [97]. As indicated equation 4.1,
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oxygen is utilized as the physiological electron acceptor for lactate oxidation reaction.
Therefore, the detection of lactate level using these biosensors is highly dependent on the
oxygen concentration. On the other hand, oxygen concentration in blood is subject to
fluctuations resulting in errors in measured lactate concentrations [98]. Moreover, oxygen
deficiency in the blood sample deteriorates the detection range of the sensors [5]. The
inadequate oxygen level cannot sustain the oxidation of lactate; thus, fluctuations in the
oxygen concentration hinder accurate detection of lactate level. To eliminate the oxygen
dependency problems in electrochemical sensors, some approaches have been proposed
including the use of two dimensional cylindrical electrodes [99], mass transport limiting
films [100], and tailoring the electrode surface with oxygen-rich materials [101]. In
addition to the modification of electrode using one of the approaches listed above, some
authors substituted lactate oxidase with lactate dehydrogenase (LDH) which does not
require oxygen as an electron acceptor [64]. On the other hand, the replacement of lactate
oxidase with lactate dehydrogenase enzyme requires the immobilization of coenzymes
(NADH or NADPH), which enables the electron transfer between enzyme and electrode
surface [64]. Since the immobilization of coenzymes makes the sensor construction more
complicated in terms of enzyme immobilization and regeneration, publications that used
lactate oxidase outnumbered those that used lactate dehydrogenase. In addition, it was
reported that lactate dehydrogenase based biosensors showed lower sensitivity compared
to the biosensors with lactate oxidase [65]. With the introduction of the second
generation biosensors, oxygen was replaced with a synthetic electron acceptor known as
artificial mediator to make the electrodes oxygen independent [5]. In the case of an
artificial mediator, although higher electron transfers rates and lower working potentials
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can be achieved, the presence of the mediator in the enzyme layer may impair the enzyme
stability by creating a toxic environment [64]. Thus, choosing the right mediator, which is
not detrimental to enzymatic activity is a key step in the construction of secondgeneration biosensors. Moreover, the immobilization and stability of the artificial
mediator are also challenges to be dealt with [102]. In summary, most of the methods
used to eliminate the oxygen deficiency related errors in the sensor response pose new
problems including sensitivity, selectivity, and stability, require more complex
preparation methods and hinder the miniaturization of sensors [103]. Thus, new
approaches are on demand to address the oxygen dependence challenge of first
generation enzymatic sensors.
In recent years, the use of metal oxide nanoparticles has attracted great interest in
several applications such as catalysis, sensors, electronic materials, and environmental
materials due to their unique physical, catalytic, and chemical properties [81, 104]. Since
the properties of the metal oxide nanoparticles are highly dependent upon their size and
morphology, they offer vast range of properties for various applications [105]. Their
biocompatible nature, enhanced electron-transfer kinetics and strong adsorption
capability make them promising materials for the immobilization of biomolecules in
biosensing applications [106, 107]. Among various metal oxides, ceria has been used in
many applications including catalysis, solid oxide fuel cells [108], sensors [109], oxygen
permeable membranes [110], glass polishing [111], ultraviolet adsorption [112], and
biotechnology [90]. Its high ionic conductivity, biocompability, high surface area, high
isoelectric point, and catalytic properties generated great deal of interest for biosensor
applications [107, 113]. Apart from these properties, the unique redox properties of ceria,
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also known as oxygen storage capacity (OSC), make it an important technological
material for many applications [114]. Since cerium (Ce) can exist in two oxidation states,
Ce4+ and Ce3+, it forms two stable oxide species which are CeO2 and Ce2O3 [115]. By a
reversible shift between +4 and +3 oxidation states, ceria releases and uptakes oxygen
under oxygen lean and oxygen rich environments, respectively. The reversible redox
property of CeO2 has been exploited extensively as an oxygen buffer material for
automotive applications in particular three-way catalysis [114]. Much effort has been
directed toward preparing new ceria-based nanomaterials with enhanced OSC. It is
known that the OSC of ceria is strongly dependent on the specific surface area and
oxygen defect concentration in the structure [41, 115]. Our previous work showed that
the modification of ceria with other metal oxides such as CuO, TiO2, and ZrO2 is an
effective way to significantly enhance the OSC of ceria [115]. The introduction of ZrO2
into the CeO2 lattices, for example, gave rise to the number of oxygen defects in the ceria
structure, which in turn enhanced the OSC.
In the previous chapter it was shown that the oxygen deficiency formed in the
enzyme layer of amperometric lactate biosensors can be eliminated by the incorporation
of ceria nanoparticles into the enzyme layer. Up to now, few studies have reported the
use of ceria as an oxygen buffer in the enzyme layer of first generation amperometric
sensors [81, 87, 116]. In this part of the study, lactate oxidase enzymes were immobilized
on a novel mixed metal oxide system (CeO2-CuO) with an enhanced OSC for the first
time to improve the performance of the lactate sensors in both oxygen-rich and lean
environments. The CeO2-CuO system was chosen for lactate oxidase immobilization and
as an electrode material since in the second chapter of this dissertation it was shown that
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this mixed metal oxide system had superior OSC and higher surface area than CeO2ZrO2, CeO2-TiO2 mixed metal oxides. The results revealed that the enhanced OSC of
CeO2-CuO mixed metal oxide nanoparticles eliminated the false results associated with
oxygen deficiency.
4.2

Experimental Procedure

Metal oxide nanoparticles (CeO2 and CeO2-CuO (3:1)) reported in chapter 2 were
used to construct electrochemical lactate sensors. Prior to the construction of biosensors,
a standard Pt electrode with the diameter of 3 mm was polished using 3 µm and 0.05 µm
Al2O3 slurries, respectively. 4 µl of mixed metal oxide containing PBS solution (10 mg
metal oxide/ml PBS) was dropped on the polished Pt surface, and then left for drying.
After modification of Pt surface with metal oxide particles, 2 U of LOD solution was
dropped on the electrode surface. The outer layer of the electrode was covered with a thin
nafion layer that acted to eliminate the enzyme leakage and exclude common interfering
species via electrostatic repulsion.
The electrochemical experiments were conducted using a three-compartment
electrochemical half-cell (BASI, West Lafayette, IN) consisting of a Pt wire and an
Ag/AgCl electrode as counter and reference electrodes, respectively. All the
electrochemical experiments were carried out at room temperature in 0.01 M PBS
solution (pH=7.4). Oxygen lean PBS solution was created by purging argon for 5
minutes. Argon gas was fed to the surface of the solution during the experiments to
maintain the oxygen depleted solution.
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4.3

Results and Discussion

The electrocatalytic activity of the prepared electrodes towards lactate was studied
using cycling voltammetry conducted at the scan rate of 10 mV s-1 in PBS solution. When
5 mM lactate was added into PBS solution, an oxidation peak appeared, which belongs to
the oxidation of H2O2 produced by enzymatic lactate reaction. The CV graphs are shown
in Figure 4.1a-c. The results indicated that all of the constructed sensors had the
capability of lactate detection at around 0.6 V. The effect of the scan rate on the
performance of the sensors were investigated at scan rates ranging from 10 to 450 mV s-1.
As shown in Figure A16, the oxidation peak current showed a linear relationship with the
scan rate indicating that the oxidation of H2O2 on the surface of the prepared sensors is a
surface-controlled electrochemical reaction.
The optimum working potential of the constructed sensors for the detection of
lactate was determined by measuring the response current of the sensors towards 5 mM
lactate in PBS at various working potentials ranging from 0.3 to 0.9 V (Figure 4.1d). Low
response currents were obtained at the working potentials below 0.4 V. When the applied
potential was increased up to 0.6 V, a sharp increase in the current was observed.
Although further increase in the applied voltage gave rise to the response current up to
0.7 V, the increment was not as dramatic as those obtained at 0.6 V. The working
potential of 0.6 V was used for further experiments because the performance of the
sensor did not increase significantly at a higher working potential.
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Figure 4.1 (a-b) Cyclic voltammetry results of the sensors in the absence and presence of
5 mM lactate in PBS at the scan rate of 10 mV s-1.
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Figure 4.1 (Continued) (c) Cyclic voltammetry results of the sensors in the absence and
presence of 5 mM lactate in PBS at the scan rate of 10 mV s-1, (d) response current of
Pt/CeO2/LOx to the addition of 5 mM lactate as a function of applied voltage.
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The amperometric response of the constructed lactate sensors were measured by
the successive addition of 50 µM lactate in PBS solution under a constant stirring
throughout the experiment. The i-t graphs of the sensors are shown in Figure 4.2a. The
results showed that CeO2 and CeO2-CuO containing sensors showed much faster
response time (< 10s) than Pt/LOx sensor, suggesting that the decoration of the electrode
surface with nanoparticles enhanced the catalytic activity of the sensing platforms. Figure
4.2b shows the amperometric performance of the sensors to the successive addition of
lactate into the PBS solution at the working potential of 0.6 V. The performance of
Pt/LOx biosensors was much lower compared with the nanoparticle based sensors. The
increase in the activity of the biosensors by the incorporation of ceria based nanoparticles
may be attributed to the high surface area of the metal oxides, which favored enzyme
immobilization. In addition, the easier electron transfer process between the enzyme and
electrode surface, catalytic activity of ceria towards H2O2, and the increase in the
catalytic surface area may be all reasons behind the increase in the performance of the
sensors. While the linear range of Pt/LOx was found to be between 20 to 200 µM, the
CeO2 and CeO2-CuO nanoparticle decorated sensors showed a linear range between 20
and 600 µM. The obtained sensitivity values were 40.5 ± 5, 105. 9 ± 7, and 89.3 ± 4 µA
mM-1 cm-2 for Pt/LOx, Pt/CeO2/LOx, and Pt/CC/LOx, respectively. It was observed that
the incorporation of Cu2+ ions into the ceria lattice to increase the number of oxygen
defects impaired the catalytic activity of the metal oxide particles. It is noteworthy that
the presence of Cu2+ ions into the CeO2 lattice resulted in a dramatic increase in the
specific surface area (Table 4.1). In contrast to the increase in the surface area, the lower
performance of CuO containing sensor is due to the difference in the catalytic activity of
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CeO2 and CuO towards the oxidation of H2O2. Our preliminary work, which is not shown
in this article, confirmed the lower catalytic activity of CuO than that of CeO2 towards
H2O2.

Figure 4.2 (a) Current-time curves of the constructed sensors obtained from the
successive addition of 50 µM lactate into PBS at the applied potential of 0.6 V, (b)
Corresponding current-concentration curves.
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Herein, we aimed to reduce the oxygen deficiency related errors in the sensor
response by decorating the surface of the electrode with nanomaterials with high redox
properties (OSC). The performance of the constructed sensors in O2-rich and -lean
conditions were examined to determine the drop in the sensitivity and the change in the
linear range. The amperometric response of the sensors to the successive addition of 20
µM lactate in oxygen-rich and -lean environments are shown in Figure 4.3a-c. It was seen
that nanoparticle-free sensor (Pt/LOx) showed a sharp decrease in its sensitivity when
exposed to oxygen-lean condition. Since there is some dissolved oxygen in the enzyme
layer and PBS solution, the sensor showed a response to the addition of lactate in O2depleted PBS. On the other hand, the obtained was very low and no linearity between the
response current and lactate concentration was observed from the graph. When the
surface of the sensor was modified with ceria nanoparticles, the drop in the sensitivity
between O2-rich and -lean conditions decreased and a better response-concentration
graph was obtained. The reduction in the performance drop between Pt/LOx and
Pt/CeO2/LOx resulted from the OSC of ceria nanoparticles. It was speculated that CeO2 is
reduced to Ce2O3 by the enzymatically produced H2O2, as shown in Equations 4.3 and
4.4. Thus, the reduction of ceria by H2O2 produced oxygen and water in the enzyme layer
[87, 116, 117]. The generated O2 in the enzyme layer was used to sustain the enzymatic
reaction in oxygen-lean conditions, which resulted in a lower performance drop
compared to Pt/LOx. The introduction of CeO2-CuO nanoparticles, which has much
higher OSC compared to pristine CeO2, showed almost no drop in the sensitivity
depending on the O2 concentration in PBS solution (Figure 4.3c). This is attributed to the
very high redox capacity of CuO modified CeO2. The error values (%) calculated from
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the sensitivity drops when moving from oxygen-rich to oxygen-lean conditions were 28.7
± 8, 20.9 ± 2, and -1.5 ± 2.9 % for Pt/LOx, Pt/CeO2/LOx, and Pt/CC/LOx, respectively.
The results indicated that although Pt/LOx and Pt/CeO2/LOx sensors are capable of
detection of lactate in oxygen-lean environments, the use of these sensors is not practical
due to their susceptibility to high degree of errors resulted from fluctuations in O2
concentration. To detect the analyte concentration with confidence in environments with
fluctuating O2 concentrations, not only the detection capability but also insusceptibility of
sensitivity to any fluctuations in O2 concentration is required. Our results showed that the
sensor prepared with electrodes that were decorated with CeO2-CuO mixed metal oxide
nanoparticles had the capability to detect lactate under O2-lean environments with no
drop in sensitivity.
𝐿𝐿𝐿𝐿𝐿𝐿

L-Lactate + O2 �⎯� pyruvate + H2O2
2CeO2 + H2O2

Ce2O3 + O2 + H2O

(Equation 4.3)
(Equation 4.4)
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Figure 4.3 Current-time curves of (a) Pt/LOx, (b) Pt/CeO2/LOx in the O2-rich and –lean
environments.
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Figure 4.3 (Continued) Current-time curves of (c) Pt/CeO2-CuO/LOx in the O2-rich and –
lean environments.

Fluctuations in the oxygen tension in the environment also affect the linear range
of the sensors [5]. In other words, oxidase enzyme based sensors display a narrower
linear range due to the oxygen deficit under O2-lean conditions. The linear range and the
limit of detection values of the constructed sensors under oxygen-rich and -lean
conditions are listed in Table 4.1. The results showed that the linear range of the
constructed sensors decreased significantly in oxygen-lean conditions. Although CeO2CuO decorated sensors showed promising results in terms of sensitivity, the upper limit
of linearity underwent a significant drop. It is interesting to note that Pt/LOx and
Pt/CeO2/LOx sensors showed the same upper concentration dependent limit regardless of
the OSC property of ceria nanoparticles. This suggests that at relatively high lactate
concentrations, the OSC of ceria based materials could not supply enough oxygen to
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sustain the enzymatic lactate oxidation. Indeed, the reduction of the upper limit of the
linear range remains as a challenge to be addressed. No significant change was observed
in the limit of detection of all sensors regardless of the modification of the sensing
platform with ceria-based nanoparticles (Table 2). The low limit of detection values was
obtained for all sensors in both oxygen-rich and -lean conditions. The response of the
constructed Pt/CC/LOx sensor to the addition of 1 and 5 µM lactate is shown in Figure
A17. It was seen that the sensor showed the capability of the detection of 5 µM lactate.
The long term stability of Pt/CC/LOx was evaluated by measuring the response current of
the sensor toward 5 mM lactate periodically. The sensor was stored at 4 °C in PBS
solution to decelerate the enzyme denaturation and leakage. It’s been observed that the
sensor retained 64 % of its original performance after 14 days. The repeatability of the
fabrication process was determined by measuring the sensitivity of multiple Pt/CC/LOx
sensors (n=3). The RSD of the sensitivity values obtained from three independent sensors
was found to be 6.3 % indicating a good repeatability of the fabrication process. The
reproducibility of the analytical response of a Pt/CC/LOx sensor was evaluated by
comparing the response of the sensors towards the addition of 0.5 mM lactate. A RSD of
6.7 % was obtained after 24 independent experiments and no sensible drop in the
analytical response observed (Figure A18), suggesting good reproducibility and stability
of the analytical response of the constructed sensors.
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Table 4.1 Linear range and limit of detection values of the sensors in O2-rich and -lean
environments.
Biosensor

Linear range
in O2saturated PBS
(µM)
Pt/LOx
20-250
Pt/CeO2/LOx
20-600
Pt/CC/LOx
20-600
LOD: limit of detection

LOD in O2saturated
PBS (µM)

Linear range
in O2- depleted
PBS (µM)

LOD in O2depleted
PBS (µM)

6.6
1.65
3.3

20-120
20-120
20-200

9.9
2.0
2.97

The effect of electroactive interferants on the electrochemical performance of
Pt/CC/LOx was evaluated by the addition of 0.1 mM uric acid (UA), ascorbic acid (AA),
and glucose into PBS solution at the working potential of the sensor. It is known that
these electroactive species co-exist with lactate in blood and lead to significant changes
in the response current of electrochemical sensors. The results of the selectivity
experiments (Figure 4.4) revealed that the lactate biosensor did not experience any
change in response upon exposure to these interferants. It is noteworthy that the
interference-free detection of lactate in the presence of most common interfering species
was made possible by the presence of negatively charged nafion, which excluded the
negatively charged interferants via electrostatic repulsion.
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Figure 4.4 Effect of common interferants on the biosensor response.

To evaluate the practical applicability of the constructed sensor, the recovery of
lactate injected into human serum was calculated based on previously reported protocols
[118]. Human serum diluted 10 times was used to mimic detection in real samples. The
response current of Pt/CC/LOx increased by 0.18 ± 0.006 µA when the sensor was
exposed to the diluted human serum. The lactate level in human serum was calculated as
0.52 ± 0.02 mM, which is in agreement with the level of lactate in human serum
determined using a colorimetric lactate assay kit (0.51 ± 0.06 mM). For the spike
measurement, a known amount of lactate (0.1 mM) was injected into the sample. The
spike test results and the corresponding recovery values are shown in Table 4.2. The
recovery values were found to be between 93-110 % showing the applicability of the
sensors in real systems.
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Table 4.2 Detection of lactate in 10 times diluted human serum.

Experiment
1
2
3

Before spike
(µM)
50
53
54

Spiked (µM)
100
100
100

After spike
(µM)
146
163
147

Recovery
(%)
95.7
110
93

The performance of the Pt/CC/LOx sensor was compared with the already
reported lactate sensors in the literature. The constructed sensor showed a low limit of
detection (3.3 µM), a high sensitivity (89.3 ± 4 µA mM-1 cm-2), and a wide linear range
(up to 0.6 mM). The performance of the fabricated sensors is comparable or even better
than the already existing electrochemical lactate sensors (Table 4.3).
Table 4.3 Comparison of the performance of the proposed sensor with various lactate
biosensors.

Sensor
LOx/DNPs/Au
LOx/ZnO-NRs/Au/Glass
LOx/DTSP/Au
Nafion/LOx/Au/ZnO
LOx/ZnO-NWRs
Pt/CeO2-3(PEI/LOx)3(PEI/AOx)

Sensitivity
(µA mM-1 cm-2)
4.0
N/A
1.49
24.56
15.6

Linear range
(mM)
0.05-0.7
0.1-1
up to 1.2
0.01-0.6
0.012-1.2

LOD
(µM)
15
0.1
14
6
12

174.3

0.02-1

0.3

0.02- 0.6

3.3

Nafion/LOx/ CeO2-CuO/Pt
89.3 ± 4
DNPs: Diamond nanoparticles
ZnO-NRs: ZnO nanorods
DTSP: Dithiobos-N-succinimidyl propionate
ZnO-NWRs: ZnO nanowires
PEI: Polyethylenenimine

Ref.
[91]
[92]
[93]
[94]
[60]
Chapter
3
This
work
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4.4

Conclusion

In this chapter, we aimed to eliminate the errors in the detection of lactate,
resulted from the fluctuations in the oxygen concentration. For this purpose, CeO2-CuO
(CC) mixed metal oxide with enhanced oxygen storage capacity was synthesized via a
coprecipitation method. The prepared mixed metal oxides were immobilized on the
electrode surface for the first time in the literature to enhance the amperometric
performance of the sensor and eliminate the false results in oxygen-lean environments by
exploiting their high redox properties. The performance of the constructed Pt/CC/LOx
sensors was compared with pristine ceria containing (Pt/CeO2/LOx) and ceria-free
(Pt/LOx) sensors. The use of CeO2-CuO mixed metal oxide, which had much higher OSC
than pristine ceria, acted as an oxygen buffer on the sensing platform in oxygen-depleted
buffer solution. Thus, the false results associated with the depletion of oxygen tension in
PBS solution were eliminated. On the other hand, at relatively high lactate concentrations
(larger than 200 µM) the reduction of metal oxide nanoparticles could not supply enough
oxygen to sustain the enzymatic lactate reaction in O2-lean conditions, which led to a
deviation in the linearity of current vs. molarity graph. Our results showed that ceriabased materials with enhanced OSC can be used to construct amperometric lactate
biosensors with high sensitivity, which are capable of working in O2-lean conditions in
the concentration range up to 0.2 µM. The constructed sensors showed good reliability
and selectivity in human serum. Based on these results, we conclude that taking
advantage of the oxygen storage properties of CeO2-CuO particles can be a potential
solution towards the fabrication of new sensors capable of the real-time monitoring of
lactate levels.
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CHAPTER 5. DEVELOPMENT OF NON-ENZYMATIC HYDROGEN PEROXIDE
SENSORS USING PALLADIUM AND COPPER-DECORATED SCREEN
PRINTED CARBON ELECTRODES

5.1

Introduction

Electrochemical sensing of H2O2 has become crucial in industrial, clinical, food,
and environmental settings, creating a constant need for simpler and more effective H2O2
sensors, as well as methods for fabricating these sensors [119-121]. Also, H2O2 is
produced in many enzymatic reactions, which enables the detection of the chemical
species involved in them [60, 64]. Although there are various analytical techniques used
for the detection of H2O2 including photometry, chemiluminescence, chromatography,
titrimetry, colorimetry, an alternative, simpler, detection method is still to be designed
[122]. Electrochemical methods are the most promising among all current hydrogen
peroxide detection methods due to their high sensitivity, selectivity, and simplicity [123,
124]. Peroxidase and heme proteins have been used to construct highly sensitive and
selective electrochemical H2O2 sensors [125-127]. However, enzyme based biosensors
experience instability and enzyme denaturation over time in various environments [128,
129]. The better reproducibility and stability of non-enzymatic sensors increased their
attractiveness as compared to enzymatic sensors [130]. Palladium (Pd) has gained much
attention recently because of its favorable catalytic activity and low cost compared to
other noble metals [131-134]. Therefore, Pd has found many applications as a catalyst
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material in the fields of hydrogen production, low temperature fuel cells and chemical
sensors [126, 135-137]. A great deal of effort has been devoted to enhance the catalytic
activity and the utilization of the noble metals, which in turn reduce the cost of the alyst
layers in electrochemical systems [138]. It was shown that the catalytic activity of noble
metals can be enhanced by the introduction of dissimilar metal ions into the lattice [136,
139]. In addition, bimetallic nanoparticles have become a promising candidate for the
construction of electrochemical biosensors due to enhanced selectivity and sensitivity
compared to pristine metal nanoparticles [140, 141]. The enhancement in the
performance of the biosensors is attributed to the change in shape, surface structure,
particle size, and chemical properties of the bimetallic catalysts induced by the
interaction between the dissimilar metal atoms [142]. In the last couple of decades,
various binary and ternary metallic systems were studied to develop a catalysts material
with high catalytic activity and low cost [133]. Previously published works showed that
Pd and its alloys are promising catalyst materials for the electrochemical detection of
H2O2. For instance, Qiu et al. [137] prepared nanoporous PdCu alloys by a dealloying
process and reported an remarkable enhancement in the activity of the biosensor toward
H2O2. Bimetallic catalyst systems can be prepared via a variety of methods including
sputtering, chemical vapor deposition, pulse laser, colloidal deposition, melting, and
electrochemical techniques [143-147].
Electrodeposition, also known as electroplating, is an electrochemical method
which enables the formation of metal coating or particles on the surface of a conducting
material [148]. Electrodeposition has three important advantages over other methods; (i)
this technique is useful for both large and small scale production, (ii) no complicated
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procedure is required, (iii) preparation of PdCu alloys with electrodeposition is more
economical compared to other methods [149]. Electrodeposition of metal nanoparticles
and metal hexacyanoferrates has been used to prepare electrochemical sensors with
enhanced performance for the detection of hydrogen peroxide and glucose [141, 150].
In this chapter, we report on the construction of novel disposable hydrogen
peroxide sensors based on PdCu decorated screen printed carbon electrodes (SPCEs).
The sensors were prepared in only 10 minutes using a facile co-electrodeposition method
in the absence of any surfactants. To the best our knowledge, this approach of fabrication
of disposable non-enzymatic hydrogen peroxide sensors has not been reported yet. The
electrochemical performance of the biosensors was evaluated in terms of selectivity,
sensitivity, and stability with a goal of demonstrating that employing a bimetallic PdCu
non-enzymatic system can push forward the state of the art in hydrogen peroxide sensing.
5.2

Experimental Procedure

PdCl2, CuCl2, sodium-L ascorbate, uric acid, and D-(+)-glucose were obtained
from Sigma. Hydrogen peroxide (H2O2) and perchloric acid (HClO4) were purchased
from Riede-de Haen and Mallinckrodt, respectively. Screen printed carbon electrodes
(SPCE, 4x5 mm) was obtained from Pine Research Instrumentation.
The electrodeposition of metals was conducted using a 3 electrode cell and a
potentiostat obtained from BASi (West Lafayette, IN) and Biologic, respectively. The
deposition baths were prepared by dissolving required amount of PdCl2 and CuCl2
precursors in 0.1 M HClO4 solution. Co-electrodeposition of PdCu on the screen printed
carbon electrodes (SPCEs) (0.2 cm2) was performed in different electrodeposition baths
containing certain amounts of Pd and Cu precursors using a constant-potential
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electrodeposition process at room temperature. While the concentrations of each of the
metal ions were adjusted depending on the desired Pd/Cu ratio, the total metal ion
concentration of the solution was fixed at 10 mM. In order to obtain Pd:Cu (1:3) molar
ratio, for example, a homogeneous electrodeposition bath containing 7 mM Pd and 3 mM
Cu was prepared. The co-electrodeposition process was conducted at -0.5 V vs. Ag/AgCl.
Pt wire and Ag/AgCl were used as the counter and reference electrodes, respectively.
Argon gas was purged through the electrodeposition bath to remove oxygen molecules
from the solution.
PdCu particles deposited on SPCEs were observed by scanning electron
microscopy (FEI Philips XL-40) coupled with an X-ray energy dispersive spectroscopy
system (EDX), which was used to determine the chemical composition of the deposits.
X-ray diffraction of the samples were conducted using a Bruker D8 Focus X-ray
diffractometer (XRD) with Cu Kα (λ=0.15406 nm) radiation.
The same electrochemistry unit was implemented to carry out the electrochemical
performance of the constructed biosensors towards H2O2. Phosphate buffer solution
(PBS, 0.1 M, pH 7.4) was used as the electrolyte during the experiments. The
electrochemical properties of the constructed sensors were evaluated at the working
potential of -0.3 V.
5.3
5.3.1

Results and Discussion

Preparation of Palladium and Copper-Decorated Screen Printed Electrodes

In order to determine the optimum PdCu loading on the surface of the SPCEs, the
effect of electrodeposition time on the catalytic activity of the constructed biosensors
towards H2O2 was studied. For this purpose, the surface of screen printed carbon
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electrodes were decorated with Pd for varying deposition times ranging from 5 to 30
minutes. The relationship between the electrodeposition time and activity of the sensors
are shown in Figure 5.1a. It was observed that when the deposition time of Pd was
extended from 5 min to 10 min, a significant rise in the response current of Pd/SPCE
electrode was obtained. On the other hand, the further increase in the deposition time
resulted in a drop in the activity of the electrodes. When the deposition time was longer
than 10 min, the response current of the electrodes towards 5 mM H2O2 decreased, which
may be attributed to the reduction in the total area of the catalytic sites due to the
deposition of large amount of Pd metal on the electrode surface. The electrodes prepared
with the deposition time of 30 minutes showed slightly higher activity than that of
prepared with 20-minute electrodeposition time. This may be due to a slight increase in
the total metal surface area available for H2O2 reduction. Based on these results, the
deposition time of 10 min was found to be the optimum value and selected as the
deposition time for further experiments.
After the optimization of the deposition time, the effect of the composition of the
electrodeposition bath was investigated using deposition baths consisting of varying
Pd/Cu molar ratios. While the total concentration of the electrodeposition bath was fixed
to 10 mM, the molarity of each metal ion was altered to observe the impact of the coelectrodeposition of Pd and Cu metals on the surface of the electrodes. As shown in
Figure 5.1b, the addition of Cu2+ ions up to the concentration of 3 mM into the
electrodeposition bath enhanced the performance of the biosensors. In other words, the
electrodeposition of Cu metal on the electrode surface enhanced the activity of Pd
towards H2O2. The effect of the introduction of Cu2+ into the deposition bath on the
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performance of the electrochemical H2O2 sensors was first observed by Guadagnini et al.
[151]. The authors reported that Cu2+-loaded copper hexacyanoferrate film electrodes
prepared via an electrodeposition method showed a higher performance compared to its
pristine counterpart. It is noteworthy that since total concentration of the
electrodeposition bath was fixed to 10 mM, the sensor prepared in the bath consisting of
7 mM Pd2+ and 3 mM Cu2+ ions had a smaller amount of Pd metal on its surface
compared to those decorated in electrolytes with 10 mM Pd2+. On the other hand, further
increase in the molarity of Cu ions in the deposition bath led to a significant decrease in
the catalytic activity of Pd. The decrease in the performance of the electrode is attributed
to the presence of excess amount of Cu metal which has much lower catalytic property
towards H2O2 compared to Pd.
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Figure 5.1 A) Effect of the electrodeposition time on the response current of Pd/SPCE
sensors. B) Variation of the response current of the sensors with increasing Cu2+
concentration in the deposition bath.

The representative SEM images of electrodeposited PdCu bimetals on screen
printed carbon electrodes are shown in Figure 5.2a-b. It was observed that the prepared
PdCu alloy had porous and dendride-like structures exposing a large electroactive surface
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area for H2O2 reduction. The EDS results obtained from the deposits confirmed the
coelectrodeposition of Pd and Cu on SPCEs (Figure c-d). The composition of the alloy
revealed that the average atomic ratio of Pd to Cu was found to be 7.2:2.8, which is
consistent with the composition of the electrodeposition bath. The atomic ratio of Pd to
Cu revealed that, however, the deposition rate of Pd is slightly higher than Cu at the
working potential of -0.5 V.
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Figure 5.2 (A-B) SEM images of the electrodeposited PdCu on SPCEs.
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Figure 5.2 (Continued) (C-D) Representative EDS results of the deposits.
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The XRD patterns of the prepared Pd/SPCE and PdCu/SPCE are shown in Figure
5.3. The characteristic XRD peaks of Pd are located at 40.1°, 46.7°, 68.1°, and 82.1°
corresponding to (111), (200), (220), and (311) planes [133]. The XRD results obtained
from the samples, however, showed only weak (111) peak located at around 40°. This is
due to the fact that the contribution of screen printed carbon electrode was much higher
than that of Pd and PdCu deposits to the XRD signal, which in turn obscured the signals
obtained from Pd and PdCu deposits. When the XRD pattern obtained from the blank
SPCE was subtracted from those obtained from Pd/SPCE and PdCu/SPCE, the peak
located at ca. 40.1° became more visible (inset of Figure 5.4). The inset revealed that
when the co-electrodeposition of Pd and Cu was carriout out, the (111) peak shifted
slightly towards higher 2θ values, confirming the formation of Pd-Cu solid solution.
Although PdCu deposit includes approximately 30 % at. of Cu, no additional phase
associated with Cu was observed.
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Figure 5.3 X-Ray diffraction patterns of SPCE, Pd/SPCE, and PdCu/SPCE. (inset: Pd
(111) peak obtained from Pd and PdCu deposits.)

5.3.2

Electrochemical Performance of the Constructed Sensors

The influence of the scan rate on the CV results of the PdCu/SPCE electrodes was
studied in the presence of 0.5 mM H2O2 in the PBS solution. The CV voltammograms of
the electrode at different scan rates ranging from 10 to 400 mVs-1 are shown in Figure
5.4. It was found that the reduction of H2O2 on PdCu/SPCE surface had diffusion
controlled electron transfer process since the cathodic peak current showed a linear
relation with the square roots of the scan rates. This relationship is shown as the inset of
Figure 5.4. The CV results also revealed that the increase in the scan rate shifted the
reduction potential to more negative values indicating an irreversible reduction process
[152].
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Figure 5.4 Cyclic voltammograms of PdCu/SPCE in the presence of 0.5 mM H2O2 in
PBS solution at various scan rates. The inset shows the linear relationship between the
peak current and square root of the scan rate.

The optimum working potential for H2O2 reduction on PdCu/SPCE surface was
determined by measuring the response current of the electrodes at various working
potentials ranging from 0 to -0.5 V. The current vs. applied potential graph reached a
plateau at -0.3 V, which is shown in Figure 5.5. Therefore, to obtain the higher catalytic
activity, a constant potential of -0.3 V was used for the electrochemical characterization
of constructed sensors.
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Figure 5.5 Response current values of PdCu/SPCE to the addition of 5 mM mM H2O2
into PBS solution at different applied potentials.

The amperometric response of the metal decorated SPCE sensors was
investigated at the working potential of -0.3 V by successive addition of 0.5 mM H2O2
into PBS solution (Figure 5.6a). It was observed that the highest sensitivity value was
obtained from PdCu decorated electrode showing that PdCu solid solution has higher
catalytic activity towards H2O2 compared to its constituents. The sensitivity of the
constructed sensors followed the order of PdCu/SPCE > Pd/SPCE > Cu/SPCE. It is
known that the performance of monometalic noble metal catalysts can be enhanced by
the introduction of dissimilar noble metal or transition metal atoms into the system,
which is fully compatible with the result obtained from this work. Although noble metalnoble metal alloys show higher catalytic properties than noble metal-nonnoble metal
catalysts, nonnoble metal containing systems offer an economical way to achive
enhanced activity. The increase in the catalytic activity of Pd is attributed to the change in
its electronic structure induced by alloy formation [153]. Another important factor
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affecting the catalytic properties of Pd is its dispersion on the electrode surface. Haller et
al. [153] stated that the formation of PdCu alloy plays a role in maintaining and
enhancing Pd dispersion. The current-concentration plots of the sensors shown in Figure
5.6b revealed that although the Pd containing electrodes had a good linear relationship
between current and concentraion in the range of of 0.5 to 6.5 mM, the Cu/SPCE
electrode displayed slight deviation from linearity (R2 = 0.9369). When 0.5 mM H2O2
was added into PBS solution, Pd-based electrodes showed faster response compared to
Cu/SPCE indicating that Pd based metals have higher catalytic activity towards H2O2
reduction compared to Cu, which was also evidenced by the sensitivity values of the
electodes.
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Figure 5.6 (A) Current-time curves of Pd, Cu, and PdCu decorated SPCEs obtained by
the successive addition of 0.5 mM H2O2 into PBS at the applied potential of -0.3 V. (B)
Current-concentration curves of the sensors obtained by the successive addition of 0.5
mM H2O2 at the applied potential of -0.3 V.
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Figure 5.7 shows the current-concentration graph of a PdCu/SPCE sensor
obtained by the addtion of H2O2 in PBS solution up to 12 mM at the working potential of
-0.3 V. The sensor showed a good linearity up to 11 mM. The response of the sensor
started to deviate from the linearity when more than 11 mM H2O2 was added into PBS.
The sensitivity of the PdCu/SPCEs was found to be 79.34 µA/mM (%RSD = 2.5, n=3).
The low % RSD value indicates the good reproducibility of the sensors. The limit of
detection (LOD) calculated using the equation 1 was 0.7 µM.
LOd = stdbackground/S

(S: sensitivity, Std: standard deviation) (Equation 5.1)

Figure 5.7 (A) Current-concentration curve of a PdCu/SPCE obtained by the successive
addition of 1 mM H2O2 into PBS at the applied potential of -0.3 V. The inset shows the
response of the PdCu/SPCEs to the addition of 0.5 mM H2O2 into PBS (n=3).
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The effect of the presence of molecules, which are well known interferants to the
detection of hydrogen peroxide, on the sensor performance, was investigated by the
addition of 0.1 mM uric acid (UA), ascorbic acid (AA), and glucose into PBS solution at
a working potential of -0.3 V. It is known that the presence of these species results in a
significant change in the response current of the biosensors due to their highly electroactive nature, especially at relatively high working potentials. Since no permselective
polymer layer was deposited on the surface of PdCu/SPCEs, it is imperative to have
minimum interference effect to detect H2O2 concentration correctly. The i-t curve
obtained by the consecutive injection of H2O2 and potential interfering species is shown
in Figure 5.8. It was found that the interfering effect of AA, UA, and glucose is
competely negligible at the working conditions of the constructed biosensors; thus, the
biosensors can be used to detect H2O2 in real samples. The use of negative working
potential, -0.3 V, allowed us to construct interference free PdCu/SPCE biosensors
without any permselective polymer film.
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Figure 5.8 Amperometric responses of PdCu/SPCE to the successive addition of 0.5 mM
H2O2 and 0.1 mM potential interferences at the working potential of -0.3 V.

The sensitivity, LOD, linear response range, and working potential of the
constructed biosensors were compared with previously published results (Table 5.1). The
constructed PdCu/SPCEs showed a comparable sensitivity with nanoporous PtPd/C/GCE
and PtPd/MWCTN/GCE electrodes [136, 140]. In our work, however, a relatively lower
working potential was used during the amperometric detection of the analyte, which
brought in the advantage of removing the importance of the interfering species present in
a real sample. This is a significant characteristic, since the most important challenge of
non-enzymatic biosensors is maintaining the specificity that is usually conferred by
enzymatic reactions. In addition, a wider linear range was obtained from our sensors
compared to some of the previously published results (Table 5.1). As mentioned before,
the high catalytic activity of PdCu/SPCE sensors towards H2O2 reduction may be
attributed to the formation of Pd-Cu solid solution. The stability of the sensors was
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examined using the response current to the addition of 5 mM H2O2 into PBS solution.
The stability tests were carried out for one month and the electrode was kept at 4 °C
when not in use. As shown in Figure 5.9, after 35 days, no drop in the response current of
the sensor was observed, indicating excellent long term stability, thus overcoming the
main disadvantage of the enzymatic biosensor counterparts.
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Figure 5.9 Long term stability of PdCu/SPCE in 35 day period (addition of 5 mM H2O2
into PBS solution).
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Table 5.1 Comparison of the analytical performance of the constructed PdCu/SPCE with
previously published studies.
Sensitivity
(µA mM-1 cm-2)

Linear range
(mM)

LOD
(µM)

Ref.

PdNPs/Nafion/GCE

766

0.0001-9

0.018

[152]

PdNPs-GNs/GCE

NA

0.0001-10

0.05

[154]

92.82

0.025-3.5

0.05

[126]

239.8

up to 3

114

[140]

69.4

up to 4

12.2

[140]

NA

0.01-35

5

[122]

NA

0.5-20

1

[137]

NA

0.5-3.8

0.27

[124]

215

0.0025-1

2.84

[155]

414.8

0.0025-0.125

1.2

[136]

396.7

0.5-11

0.7

This
work

Sensor

HRP-Pd/Gr
Nanoporous
PtPd/C/GCE
Nanoporous
PtCu/C/GCE
AgNP/SnO2/GCE
Nanoporous
PdCu/GCE
Cu/PSi/CPE
PdNPs/PEDOT/GC
E
PtPd/MWCTN/GC
E
PdCu/SPCE

5.4

Conclusions

PdCu/SPCEs were prepared using a constant-potential co-electrodeposition
technique to construct highly selective non-enzymatic amperometric H2O2 sensors with a
high sensitivity and and selectivity. Since the optimum working potential of the sensor
was -0.3 V, no interference effect of AA, AU, and glucose was observed indicating that
the electrodes can be used to detect H2O2 in real samples and no permselective membrane
is required. The highest sensitivity was obtained with the electrode prepared in an
electrodeposition bath consisting of 7 mM Pd2+ and 3 mM Cu2+ at the deposition
potential of -0.5 V for 10 min. A linear range from 0.5 mM to 11 mM and a low limit of
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detection (0.7 µM) were obtained from the constructed sensors. These sensors are
promising candidates for the construction of commercial disposable H2O2 biosensors due
to their high selectivity, sensitivity, excellent long term stability, ease of fabrication, and
low cost.
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CHAPTER 6. NON-ENZYMATIC HYDROGEN PEROXIDE SENSORS BASED ON
PALLADIUM SILVER-DECORATED REDUCED GRAPHENE OXIDE
NANOCOMPOSITES

6.1

Introduction

Graphene, which is a one atom-thick, two dimensional (2D) layer of sp2-bonded
carbon, has been exploited widely in electrochemical systems due to its unprecedented
properties [156, 157]. Its high electronic conductivity, thermal and chemical stability, and
large surface area enabled the construction of graphene-based electrodes for various
applications such as low temperature fuel cells [158], batteries [156], and electrochemical
sensors [159]. Metal or metal oxide nanoparticle (NP)-decorated graphene
nanocomposites have been studied extensively as electrode materials in catalytic
applications and it was reported that the constructed nanocomposites showed higher
catalytic activity compared to the use of either material alone [160]. Besides the catalytic
properties, the electrochemical performance of graphene sheets decorated with precious
and transition metal nanoparticles, as well as their alloys has been investigated. Until
now, various graphene based enzymatic and non-enzymatic electrochemical sensors have
been constructed by taking advantage of large surface area and high electronic
conductivity of graphene. The decoration of graphene surface with Cu and Pt NPs has
been reported by Luo et al. [161] and Gao et al. [162], respectively. The authors
demonstrated that metal NP-decorated graphene sheets can be introduced to the electrode
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surface to detect glucose successfully. Zhang et al. [163] prepared PdPt nanodendrite and
poly(diallyldimethylammonium chloride)-decorated reduced graphene oxide to construct
electrochemical H2O2 sensors.
By taking the advantage of the size-dependent chemical and physical properties of
nanoparticles, many MNP-based electrochemical systems especially electrochemical
sensors have been reported [164]. Pt, Ag, Au, Pd, and Cu are some of the transition
metals which have been studied extensively to construct electrochemical sensors so far.
The use of these metals in nanoscale offers great advantages including effective catalysis,
fast mass transport, large electrochemical surface area, and the creation of a controllable
electrode microenvironment [165]. It is known that the catalytic activity of MNPs used to
decorate the sensor surface plays a key role in conferring the sensor high sensitivity and
wide linear range. Among the noble metal nanoparticles, Pd NPs have attracted great deal
of interest due to their high catalytic activity and lower cost [8]. The catalytic activity of
Pd NPs can be further enhanced by the incorporation of dissimilar metal ions into the Pd
lattice. The improvement in the activity of Pd alloys is attributed to the change in the
electronic structure [166]. The effect of the introduction of Ag atoms into the Pd lattice
on the catalytic properties of Pd NPs has been reported by Nguyen et al. [167]. The
authors showed that PdAg/C had superior catalytic performance compared to its
counterparts, Pd/C and Ag/C, towards methanol oxidation.
Recently, the use of PdAg-decorated graphene nanocomposites in various
electrochemical applications including ethanol oxidation and the detection of ascorbic
acid, dopamine, and uric acid has been reported [168, 169]. On the other hand, to the best
our knowledge, the electrochemical properties of these nanocomposites have not been
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exploited for the detection of hydrogen peroxide yet. In this part of the study, we report
on the construction of non-enzymatic electrochemical H2O2 sensors by benefitting the
large surface area and the high electrochemical activity of PdAg-rGO nanocomposites.
The nanocomposites were synthesized using a one-step reduction method. The
physicochemical properties of the prepared nanocomposites were evaluated using
transmission electron microscopy (TEM), scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS), thermogravimetric analysis (TGA), Fourier transform
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD) techniques. In order to uncover the effect of the formation of PdAg alloy on the
performance of the sensors, Pd/rGO and Ag/rGO nanohybrids were also prepared. The
analytical performance of the constructed sensors was evaluated in terms of selectivity,
sensitivity, stability, and detection range.
6.2

Experimental Procedure

Palladium (II) chloride (PdCI2), silver nitrate (AgNO3), L-ascorbic acid,
dimethylformamide, and graphene oxide (GO) solution (2 mg·ml-1) were purchased from
Sigma-Aldrich. Hydrogen peroxide (H2O2) was obtained from Riede-de Haen. The
chemicals were used as received without any treatment.
The one-pot preparation of MNPs/rGO nanohybrids was reported by Kim et al.
[170]. Briefly, GO solution was homogeneously dispersed in distilled water by ultrasonic
treatment for 2 h in an ice bath. Subsequently, the homogenized solution was heated to
100 °C and kept at that temperature for 1 h under vigorous stirring. The precursor
solutions of Pd and Ag (5 mM, 1 mI) were added to the boiling GO solution and waited
for 10 minutes to allow the homogenization. Then, 1 mI of L-ascorbic acid solution (100
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mM) was added to the solution dropwise. After 5-minute vigorous stirring at 100 °C, the
nanohybrid solution was cooled to room temperature. The final solution was centrifuged
and washed with distilled water to obtain MNPs/rGO slurry. Finally, the slurry was
freeze-dried to prepare three dimensional PdAg/rGO nanocomposites. For comparison,
Pd/rGO and Ag/rGO nanohybrids were prepared by applying the similar procedures but
the omission of Ag or Pd precursors, respectively.
X-Ray diffraction data (XRD) was collected using a Bruker D8 Focus
diffractometer with Cu Kα (λ=0.15406 nm) X-ray source. A Perkin Elmer Spectrum 100
ATR-FTIR was implemented to record the attenuated total reflectance - Fourier
transform infrared (ATR-FTIR) spectra of the prepared nanocomposites. The total metal
loading anchored onto the surface of rGO was determined by thermogravimetric analysis
(TGA) of the samples (Q50 TGA-TA Instruments). The transmission electron
microscopy and the scanning electron microscopy images of the samples were collected
using FEI-Tecnai TEM and FEI Philips XL-40 SEM equipped with an X-ray energy
dispersive spectroscopy (EDS) unit.
A three-electrode cell (BASi, West Lafayette, IN) and a potentiostat (Bio-Logic
SAS Model SP-150) were used to conduct electrochemical experiments. Glassy carbon
electrodes (GCE) with the diameter of 3 mm and a Pt wire were used as the working and
counter electrodes, respectively. Before each use, the surface of GCEs was polished with
3 mm and 0.05 mm Al2O3 slurries, respectively. Electrochemical H2O2 sensors were
constructed by casting a certain amount of nanocomposite/dimethylformamide solution
on glassy carbon electrodes and subsequent drying at room temperature in air.
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6.3
6.3.1

Results and Discussion

Physical Characterization of the Nanocomposites

The XRD results of the prepared nanocomposites are shown in Figure 6.1. To
demonstrate the formation of PdAg alloy, the XRD patterns of Pd/rGO and Ag/rGO
nanocomposites were also included. The XRD graphs revealed the typical cubic
structures of Pd, Ag, and PdAg nanoparticles, verifying the formation of crystalline metal
nanoparticles on rGO during the reduction process. For Ag/rGO, five main peaks were
observed at the 2θ values of 38.20°, 44.34°, 64.52°, 77.49°, and 81.83° corresponding to
(111), (200), (220), (311), and (222) planes (JCPDS 4-0783). The characteristic XRD
peaks of Pd/rGO appeared at 40.19°, 46.83°, 68.46°, 82.40°, and 86.94° (JCPDS 461043). It was seen that when Pd and Ag nanoparticles were co-reduced to decorate the
surface of rGO using a single-pot synthesis process, the XRD peaks located at 39.27°,
45.70°, 66.63°, and 80.16° were obtained. The location of these peaks was in between
those of Pd and Ag, confirming the formation of PdAg solid solution. It is noteworthy
that the co-reduction of Pd and Ag not only resulted in the formation of PdAg alloy but
also yielded nanoparticles with smaller particle size. The smaller particle size was
indicated by the broadening of the XRD peaks. The average crystalline size values
calculated according to Debye-Scherrer equation using the (111) peak were 18.8, 33.8,
and 7.2 nm for Pd/rGO, Ag/rGO, and PdAg/rGO, respectively.
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Figure 6.1 XRD patterns of Ag/rGO, Pd/rGO, and PdAg/rGO.

The representative SEM images of the PdAg/rGO nanocomposites at the
magnifications of 1000 and 5000X are shown in Figure 6.2a-b. The 3D structure of
PdAg/rGO was clearly observed from the SEM images. The composition of the prepared
PdAg/rGO nanocomposite was determined using EDS and TGA methods. The
representative EDS images are shown in Figure 6.2c. The average atomic ratio of Pd/Ag
on the surface of rGO was found to be 51.2/48.8, which is in a good agreement with the
starting stoichiometry.
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A

B

Figure 6.2 (A-B) Representative SEM images of PdAg/rGO nanocomposites.
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C

Figure 6.2 (Continued) Representative EDS result of PdAg/rGO nanocomposites.

The weight percent of PdAg anchored on the surface of rGO was determined
using TGA experiments and the corresponding profile is shown in Figure A19. It was
observed that upon heating, the nanocomposite system underwent three different weight
loss steps observed at around 100 °C, 200 °C, and 400 °C, associated with the removal of
water molecules, the reduction of oxygen-containing groups, and the thermal
decomposition of reduced graphene oxide to CO and CO2 [171, 172]. It is noteworthy
that the weight loss resulted from the reduction of oxygen-containing groups was found
to be 22 wt. %. When the TGA results of GO reported in the literature are considered, it
can be stated that the reduction of graphene oxide took place during the synthesis of
PdAg/rGO [172]. The total metal content of the PdAg/rGO nanocomposite was
calculated to be 40 wt. % which was determined using the weight losses observed
between 400 °C and 600 °C. The TEM images of PdAg/rGO nanocomposite are shown
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in Figure 6.3. The images confirmed the successful modification of rGO by PdAg
nanoparticles. As shown in Figure 6.4a, the anchored PdAg alloy on rGO had a broad
particle size range, which is attributed to the reaction conditions. In addition, many PdAg
particles deviated from spherical shape were observed. Figure 6.4b shows that the
nanoparticles were dispersed on the surface of rGO homogeneously, which is essential to
obtain high catalytic activity.

Figure 6.3 TEM images of PdAg-decorated rGO at different magnifications.

The FTIR spectra of both GO and PdAg/rGO (Figure 6.4) showed the presence of
different types of oxygen-containing functional groups. The peaks appeared at around
1570 cm-1 is ascribed to the vibration of C=C bonds. The stretching vibrations of the
C=O and C-O bonds were observed by the presence of the bands located at ca. 1730 and
1360 cm-1. The presence of the peaks at ca. 780, 1060, and 3250 cm-1 is due to the
presence of O-H functional groups. In addition, the band centered at ca. 1220 cm-1 is
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related to the epoxide groups (C-O-C) [173, 174]. The FTIR spectra of the samples
revealed that the intensity of the C-O-C and O-H related peaks was lower for PdAg/rGO
nanocomposites, showing the mild reduction of GO into rGO during the synthesis
process.
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Figure 6.4 FTIR spectra of GO and PdAg/rGO.

6.3.2

Electrochemical Performance of the Sensors

The CV results of PdAg/rGO sensors in the absence and presence of 5 mM H2O2
are shown in Figure 6.5. In the absence of H2O2, two main peaks were observed at ca. 0.2
and -0.03 V, corresponding to the oxidation and the reduction of PdAg alloy
nanoparticles, respectively. When 5 mM lactate was introduced into the PBS solution,
additional peaks appeared due the oxidation and reduction of H2O2 on the sensor surface.
While a well-defined peak was observed at -0.3 V for H2O2 reduction, the oxidation peak
of H2O2 was not as strong as the reduction peak due to being obscured by the oxidation
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peak of PdAg nanoparticles. The CV results of Pd/rGO and Ag/rGO monometallic
sensors were also recorded to have better understanding on the CV performance of
bimetallic sensors. As seen in Figure A20, the sharp oxidation and reduction peaks in the
absence of H2O2 were observed in only Ag-based sensors. Thus, these peaks were
attributed to the redox properties of Ag nanoparticles. When the monometallic sensors
were exposed to 5 mM H2O2, the anodic and cathodic currents were increased resulted
from the oxidation and reduction of the analyte, respectively. The results demonstrated
that both Pd/rGO and Ag/rGO sensors had the capability to sense H2O2 in PBS. The
influence of the scan rate on the CV performance of the sensor is shown in Figure 6.5b.
With the increasing scan rate, the oxidation and reduction peaks of H2O2 were shifted to
higher and lower potential values, respectively. The relationship between the reduction
peak current and the scan rate is given in the inset of Figure 6.5b. Since the peak current
changed linearly with the square root of the scan rate, the reduction of H2O2 on the
surface of PdAg/rGO sensors was found to be a diffusion-controlled reaction.
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Figure 6.5 (A) The CV results of PdAg/rGO sensors recorded at 0.1 V·s-1 in 0.1 M PBS
in the absence and presence of 5 mM H2O2, (B) the effect of scan rate on the CV
voltammograms.

The optimum working potential of the PdAg/rGO sensors were determined on the
basis of the reduction current since both the peak current obtained from the reduction
reaction was higher than that of oxidation (Figure 6.5a) and the oxidation peak of H2O2
was obscured by the oxidation of Ag nanoparticles. The response current of the sensor
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towards the successive addition of 2 mM H2O2 at varying applied potentials is shown in
Figure 6.6. It was seen that the decreasing working potential from -200 mV to -500 mV
enhanced the analytical performance of the sensor. Further increase in the applied
potential, however, led to a decrease in the obtained response current towards the
successive addition of 2 mM H2O2. Since the highest analytical response was obtained at
-500 mV, this potential was adopted as the working potential for the amperometric
experiments.

Figure 6.6 Successive addition of 2 mM H2O2 into PBS solution at various applied
potentials.

The amperometric performance of the constructed sensors was evaluated by
measuring the analytical response towards the addition of 2 mM H2O2 into the stirring
PBS solution at the working potential of -0.5 V. Besides PdAg/rGO, the current-time
graphs of Pd/rGO and Ag/rGO sensors were also recorded at the same condition in order
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to determine the effect of the formation of PdAg alloy on the analytical performance of
the sensing platforms. The response current-time graphs of the prepared sensors are
shown in Figure 6.7. As seen from the results, the highest response current towards the
reduction of H2O2 was obtained from PdAg/rGO sensors. When the sensitivity values of
Pd/rGO and Ag/rGO were taken into account, it was obvious that the decoration of rGO
surface with PdAg alloy nanoparticles enhanced the performance of the sensors
profoundly (Figure 6.7b). The sensitivity values of the constructed sensors were found to
be 117.3 ± 11.3, 175.1 ± 15.9, and 247.6 ± 2.7 µA·mM-1·cm-2 for Pd/rGO, Ag/rGO, and
PdAg/rGO, respectively. The enhanced catalytic properties of PdAg/rGO materials,
which in turn resulted in a higher sensitivity of the sensors can be explained by the dband theory. When Ag atoms are introduced into the Pd lattice, the d-band of Pd shifts up
in energy resulting in a higher catalytic activity. This is due to the fact that the shift up in
the d-band center enhances the adsorption ability of the reactants on the catalyst surface
[166, 175, 176]. The current-concentration graphs shown in Figure 6.7b displayed that
the constructed sensors had a very wide detection range compared to previously reported
H2O2 sensors (Table 6.1). While the PdAg and Ag-based sensors yielded linear responses
to the addition of analyte up to 28 mM and 26 mM of H2O2, respectively, the Pd-based
sensor had a deviation from linearity above 20 mM of H2O2. Based on these results, it can
be conveyed that the presence of Ag nanoparticles on the sensing platform played an
important role for the enhancement in the upper linear range.
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Figure 6.7 (A) The chronoamperometry results of Pd/rGO, Ag/rGO, and PdAg/rGO
towards the successive addition of 2 mM H2O2 into PBS solution at the working potential
of -0.5 V, (B) corresponding current-concentration graphs.
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The analytical response of PdAg/rGO sensor to the addition of varying amount of
H2O2 into PBS solution is shown in Figure 6.8. The results confirmed the successful
detection of varying concentrations of H2O2 ranging from 50 µM to 2000 µM, indicating
that the constructed sensors can be used to detect H2O2 in a range of 50 µM to 28 mM.
The wide linear range of the sensors can be attributed to the large accessible surface area
resulted from 3D structure of metal nanoparticle-decorated rGO (Figure 6.2a-b), as well
as the high catalytic activity of the deposited NPs. The limit of detection (LOD) of the
sensor was calculated as 6 µM (LOD = 3*(s/S)). The repeatability of the fabrication
process was determined by comparing the sensitivity values obtained from independently
constructed sensors and the corresponding relative standard deviation value (RSD %,
n=3) was calculated as 1.2 %. This result confirmed that PdAg/rGO sensors can be
constructed with a high reproducibility.
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Figure 6.8 Response current of PdAg/rGO sensors to the successive addition of varying
concentration of H2O2.
To show the enhanced performance of our sensors design, the sensitivity and the
linear range of PdAg/rGO-based sensors were compared with previously reported
electrochemical H2O2 sensors in Table 6.1. It was seen that our electrodes showed a
higher sensitivity value than some of those recently reported [177-180]. When the Agbased sensor design shown in the table is taken into account, it is interesting to note that
Ag-based sensors had extremely large linear ranges, which was attributed to the highly
active nature of Ag to the electrocatalytic reactions [178, 181]. As shown in Table 6.1,
while Ag-containing sensors had wider linear range but lower sensitivity, the Pd, Au, and
Pt containing sensors showed higher sensitivity but narrower detection range. It is
obvious that our PdAg/rGO-containing design showed much higher sensitivity than Ag-
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based sensors and much wider linear range than Pd-based sensors. Therefore, it was
confirmed that we successfully exploited the large surface area of 3D-rGO and the high
electrocatalytic activity of PdAg bimetallic nanoparticles to construct non-enzymatic
H2O2 sensors with an enhanced sensitivity and a wide linear range.
Table 6.1 Comparison of the performance of the PdAg/rGO sensors with the recently
reported sensors.
Sensor
Pd NP-GNs/GCE

Sensitivity
(µA·mM-1·cm-2)
N/A

Linear range (mM)

Ref.

0.0001-10

[174]

Pd NSP/GCE

313

0.00001-0.001

[182]

NP-PdNi/GCE

208.6

1-25

[177]

N-G-Ag NDs/ITO

88.47

0.1-80

[178]

Ag NPs-PANINTs/GCE

N/A

0.1-90

[181]

Ag NPs/N-G/GCE

44.6

0.1-126

[183]

PtAu/rGO/GCE

N/A

0.00082-0.0087

[184]

PtNPs/rGO/GCE

686

0.00005-0.75

[185]

PtAu/C/GCE

210.3

0.007-6.5

[179]

Au/fGO/Pt

31.47

0.05-4.6

[180]

PdCu/SPCE

396.7

0.5-11

PdAg/rGO

247.6

0.05-28

[8]
This
work

NP: nanoparticle
NSP: nanosphere
ND: nanodentrite
N-G: N-doped graphene
PANINT: polyaniline nanotube
fGO: functionalized GO
SPCE: screen printed carbon electrode

The effect of the common interferants on the analytical response of the sensors
was evaluated by the addition of 0.1 mM ascorbic acid, uric acid, and glucose into PBS
solution at the applied potential of -0.5 V. As shown in Figure 6.9, when 0.1 mM H2O2
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was introduced into the solution, a well-defined increase in the response current was
obtained, resulting from the reduction of H2O2 on the electrode surface. The addition of
0.1 mM of ascorbic acid, uric acid, and glucose, however, did not yield any change in the
analytical response. In addition, after the exposure of interferants, no change was
observed in the reduction current of H2O2, indicating the interference-free detection. The
inactivity of the common interferants on the sensor surface is attributed to the application
of negative working potential (-0.5 V), which in turn eliminated the necessity of the use
of permselective films on the sensor surface to avoid the undesired inference effect.

Figure 6.9 The effect of successive addition of 0.1 mM H2O2, ascorbic acid, uric acid,
and glucose on the sensor response at -0.5 V.
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Table 6.2 Detection of H2O2 in human serum.
Sample
1
2
3
4
5
6
7

Added (mM)
0.50
1.00
2.00
2.00
2.00
2.00
2.00

Found (mM)
0.51
1.05
2.11
1.98
2.35
1.89
2.02

Recovery (%)
102.52
104.72
105.27
99.21
117.68
94.53
100.87

The practical applicability of PrAg/rGO sensors was evaluated by the detection of
H2O2 in the human serum. Before the experiments, the serum was diluted 20 times with
PBS. The calculated recovery values (listed in Table 6.2) showed that the constructed
sensors can be applied successfully to real samples to detect the level of H2O2
successfully. The relative standard deviation of the recovery values obtained from the
injection of 2 mM H2O2 in real samples was found to be 7.6 %. The long-term stability of
the PdAg/rGO sensors was determined by measuring the analytical response towards the
addition of 5 mM H2O2 periodically. The sensor was stored at 4 °C when not in use. The
performance of the sensor was measured every week for 35 days (Figure 6.10). It was
observed that 99% of the initial response was retained after 35 days, showing the
excellent long-term storage stability of the sensors.
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Figure 6.10 The analytical response of the PdAg/rGO sensors to the exposure of 5 mM
H2O2 as a function of storage time.

6.4

Conclusions

3-dimensional PdAg/rGO nanocomposites were synthesized to construct nonenzymatic electrochemical H2O2 sensors. The reduction of GO and the decoration of the
rGO surface with PdAg were conducted simultaneously by employing a one-pot
synthesis route. Then, the prepared nano-hybrids were immobilized on the surface of GC
to construct H2O2 sensors. The performance of the PdAg/rGO sensors was compared with
Pd/rGO and Ag/rGO sensors. The results revealed that the formation of PdAg alloy
enhanced the electroctalytic activity of the prepared nanocomposites significantly
towards the reduction of H2O2. It was shown that by taking advantage of the 3D structure
of rGO and highly active PdAg nanoparticles, non-enzymatic hydrogen peroxide sensors
with a high sensitivity (247.6 ± 2.7 µA·mM-1·cm-2), selectivity, and a wide linear range
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(0.05-28 mM) were constructed. The real sample tests were conducted in human serum
and the results showed that the sensors had high reliability and selectivity.
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CHAPTER 7. SUMMARY

In this study, we described the construction of electrochemical sensors for the
detection of lactate and hydrogen peroxide by exploiting the physicochemical properties
of nanoparticles. In the first part of the study, we focused on the development of
electrochemical biosensors for the detection of lactate operating in oxygen-rich and –lean
environments. To achieve this the oxygen storage capacity of CeO2 and CeO2-based metal
oxide nanoparticles were exploited. In this regard, as the first step, CeO2 and CeO2-MOx
(M: Zr, Ti, Cu) metal oxide systems with various molar ratios (3:1, 1:1, 1:3) were
synthesized using a coprecipitation method conducted at room temperature. The prepared
metal oxide nanoparticles were characterized using X-Ray diffraction (XRD), N2
adsorption-desorption analysis (BET), Transmission electron microscopy (TEM), Raman
Spectroscopy, and X-Ray photoelectron spectroscopy (XPS) to examine chemical and
physical properties. The OSC of the particles were determined using thermogravimetric
analysis technique (TGA) conducted at 600 °C under air and 5% H2/Ar atmospheres. The
results revealed that the incorporation of second metal oxide system into the ceria lattice
was an effective way to tailor the OSC of ceria. The introduction of Cu2+ atoms into the
ceria lattice yielded the highest impact on the OSC among all metal oxide systems. An
OSC of 1565 μmol-O2/g was obtained from the CeO2-CuO (1:3) sample, which is almost
17 times higher than that of pristine CeO2 (93 μmol-O2/g). In addition, the effect of heat
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treatment on the properties of the prepared samples were investigated by exposing the
them to 900 °C in ambient atmosphere for 6 h. The results revealed that the CuOcontaining samples were more vulnerable to high temperature sintering due to having the
highest loss in their physical surface area and increase in the average crystalline particles
sizes. The OSC these samples, however, showed the lowest decrease compared to Zr and
Ti-based systems.
After the preparation of mixed metal oxide systems with enhanced OSC
properties, these nanoparticles were used to construct electrochemical lactate biosensors
operating in low oxygen environments. Chapter 2 was devoted for the construction of
ascorbate interference-free lactate biosensors by exploiting the OSC of CeO2
nanoparticles. As the first step, CeO2-free lactate biosensors were prepared using a
positively charged polymer, polyethylenimine (PEI), for the immobilization of lactate
oxidase (LOx) and ascorbate oxidase (AOx) on Pt electrodes. The chronoamperometry
results indicated that the biosensors prepared with only lactate oxidase enzyme-bilayers
had a 9% incerese in the response current when exposed to 0.1 mM ascorbate. On the
other hand, the sensors covered with (PEI/AOx) layers to eliminate the ascorbate
interference showed a decrease in the response current due to the depletion of oxygen in
the enzyme layer. To sustain enough oxygen for the enzymatic reactions, CeO2
nanoparticles were introduced to the surface of Pt electrode before the immobilization of
3(PEI/LOx) and 3(PEI/AOx) layers. It was found that the introduction of CeO2
nanoparticles in the enzyme layer eliminated the negative interference effect of ascorbate
by releasing its oxygen in O2-lean environments. The Pt/CeO2-3(PEI/LOx)-3(PEI/AOx)
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biosensor design displayed a wide linear range (20 μM to 1 mM), a low detection limit
(0.3 μM) and a sensitivity of 172.9 ± 11.7 µA∙mM-1∙cm-2.
In chapter 4, the effect of the modification of the electrode surface using CeO2
and CeO2-CuO (3:1) nanoparticles on the performance of lactate biosensors in O2-rich
and –lean environments was investigated. The results revealed that although CeO2
nanoparticles can be used to eliminate false results resulted from the small fluctuations in
the O2 concentrations, in high level of O2-depleted environments, the OSC of these
nanoparticles could not supply enough O2 for the enzymatic reactions. As a result, CeO2containing sensors showed an almost 21 % decrease in the sensitivity in a O2-depleted
solution. When CeO2-CuO nanoparticles were used as oxygen reservoir in the enzyme
layer, the sensors did not experience any drop in the performance when moving from
oxygen-rich to oxygen-lean conditions. It was attributed to the higher OSC of CeO2-CuO
nanoparticles than that of pristine CeO2.
Chapter 5 and 6 were devoted to construction of electrochemical H2O2 sensors. In
chapter 5, the surface of commercial screen printed carbon electrodes (SPCE) were
successfully decorated with Pd, Cu, and PdCu metals using s facile electrodeposition
method and the performance of the electrodes towards the exposure of H2O2 was
evaluated. The results demonstrated that sensors decorated with PdCu bimetals showed
higher sensitivity than Pd/SPCE and Cu/SPCE electrodes towards H2O2. The fabricated
PdCu/SPCE sensors showed a high sensitivity (396.7 µA mM-1 cm-2), a wide linear range
(0.5 -11 mM), and a low limit of detection (0.7 µM) at the applied potential of -0.3 V.
Although the PdCu-containing sensors showed a high sensitivity and a wide linear range,
the construction of H2O2 sensors with a wider linear range are still on demand. To
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achieve this, in chapter 5, bimetal catalyst nanoparticles were dispersed on three
dimensional graphene surface to enlarge the electrochemical surface area of the sensors.
In addition, instead of Cu, Pd nanoparticles were alloyed with silver nanoparticles which
have been reported as one of the most catalytically active catalysts for H2O2 sensing. The
performance results revealed that the constructed sensors, PdAg/rGO, had a high
sensitivity of 247.6 ± 2.7 µA·mM-1·cm-2. The 3D structure of rGO along with the high
electrocatalytic activity of PdAg nanoparticles allowed the detection of H2O2 in a wide
concentration range from 0.05 mM to 28 mM.
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Supplementary Figures

A 1: X-Ray diffraction patterns of aged CeO2-ZrO2 mixed oxides; (*) MgO.
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A 2: X-Ray diffraction patterns of aged CeO2-TiO2 mixed oxides; (+)TiO2, (*)MgO.
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A 3: X-Ray diffraction patterns of aged CeO2-CuO mixed oxides; (+) CuO, (*) MgO

140

A 4: TGA profiles of fresh and aged CeO2-ZrO2 mixed metal oxide samples.
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A 5: TGA profiles of fresh and aged CeO2-TiO2 mixed metal oxide samples.
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A 6: TGA profiles of fresh and aged CeO2-CuO mixed metal oxide samples.
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A 7: Amperometric respose of the constructed biosensors to 5 mM lactate as a function of
number of PEI/LOx layers at 0.6 V in PBS solution.
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A 8: The interference effect of ascorbate on the response of Pt-3(PEI/LOx).
(Amperometric respose to the addition of 1 mM lactate and 0.1 mM ascorbate at 0.6 V in
PBS with the pH of 7.4)
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A 9: Calibration curves of AOx modified Pt-3(PEI/LOx) electrodes with the successive
addition of 0.1 mM lactate at 0.6 V in PBS solution.
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A 10: Effect of CeO2 loading on Pt/(PEI/LOx) biosensor response to 5 mM lactate.

147

A 11: The interference effect of ascorbate on the response of Pt/CeO2-3(PEI/LOx)3(PEI/AOx) sensor. (Amperometric respose to the addition of 1 mM lactate and 0.1 mM
ascorbate at 0.6 V in PBS with the pH of 7.4)
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A 12: Cyclic voltammetry results of Pt/CeO2 and Pt/CeO2-(PEI/LOx) in PBS at the scan
rate of 50 mV∙s-1.
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A 13: Cyclic voltammetry of Pt/CeO2-3(PEI/LOx)-3(PEI/AOx) in PBS in the presence
of 1 mM lactate at varying scan rates (inset: peak current vs. scan rate).
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A 14: Response current of Pt/CeO2-3(PEI/LOx)-3(PEI/AOx) towards the exposure of 0.3,
0.6, 1.2, 3, and 10 µM of lactate at the applied potential of 0.6 V.
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A 15: Amperometric respose of Pt/CeO2-3(PEI/LOx)-3(PEI/AOx) versus storage time.
(Addition of 5 mM lactate at an applied voltage of 0.6 V in 0.1M PBS, pH= 7.4).
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A 16: Cyclic voltammograms of the sensors in the presence of 5 mM lactate in PBS
solution at various scan rates (a: Pt/CeO2/LOx, b: Pt/CeO2-CuO/LOx).
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A 17: Amperometric response of Pt/CC/Lox to the additions of 1 and 5 µM lactate.
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A 18: Relative response current of a Pt/CC/LOx towards the addition of 0.5 mM lactate
(each data shows an independent experiment).
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A 19: TGA profile of PdAg/rGO in synthetic air at the heating rate of 10 °C·min-1.
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A 20: CV results of Pd/rGO and Ag/rGO recorded at 0.1 V·s-1 in 0.1 M PBS in the
absence and presence of 5 mM H2O2
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